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RESUMO 
Os reservatórios de petróleo são ambientes de subsuperfície profunda de importância 
global como recurso energético e nos ciclos biogeoquímicos. Os micro-organismos que 
habitam os reservatórios de petróleo tem a capacidade de utilizar os hidrocarbonetos de 
petróleo como fontes de carbono, levando à degradação e afetando negativamente a 
qualidade e valor econômico do petróleo. Estudos anteriores sugerem que os micro-
organismos anaeróbios são responsáveis pelos processos de biodegradação que ocorrem 
nos reservatórios de petróleo. No entanto, pouco se conhece  sobre a real diversidade 
microbiana e os processos metabólicos envolvidos na biodegradação, principalmente 
devido à dificuldade em recuperar a complexa comunidade microbiana presente em tais 
ambientes extremos. Este trabalho teve como objetivos caracterizar a microbiota em 
amostras de reservatórios de petróleo através de métodos independentes de cultivo e 
acessar o potencial de degradação anaeróbia de hidrocarbonetos pelos micro-organismos 
indígenas do reservatório sob diferentes condições físico-químicas. O estudo revelou 
diferenças claras na diversidade filogenética entre as amostras de óleo degradada (BA-1) e 
não degradada (BA-2) com base nas análises de bibliotecas de clones do gene rRNA 16S de 
bactérias e arqueias. A análise dos metagenomas das duas amostras de reservatório de 
petróleo também mostrou diferenças nos perfis taxonômicos e funcionais obtidos. O 
metagenoma da amostra BA-1 apresentou uma alta abundância de genes relacionados 
com a degradação anaeróbia de hidrocarbonetos, metanogênese e associações sintróficas, 
enquanto a amostra do reservatório BA-2 mostrou alta abundância de genes de 
degradação aeróbia de hidrocarbonetos. Um consórcio microbiano foi cultivado com 
sucesso a partir da amostra de óleo BA-1 capaz de metabolizar anaerobicamente os 
componentes do petróleo a metano. Maiores taxas de produção de metano foram 
detectadas nas condições de menor salinidade e na temperatura in situ do reservatório. A 
concentração mais elevada de sal (120 gl-1) e a maior temperatura (70 °C) testadas 
mostraram inibição da atividade metanogênica do consórcio. Os dados obtidos 
demonstram que o petróleo cru pode abrigar uma microbiota indígena com capacidade 
de degradar hidrocarbonetos de petróleo predominantemente pela via metanogênica. 
Estes resultados, e os estudos em curso, ajudarão a entender os possíveis papéis dos 
micro-organismos na degradação de hidrocarbonetos e como tais organismos respondem 
às condições ambientais na subsuperfície petrolífera. Além disso, o potencial demonstrado 
da microbiota BA-1 para converter os componentes do óleo em metano é uma 
contribuição importante para a indústria do petróleo, uma vez o metano é considerado o 
futuro da produção de energia em reservatórios profundos ou esgotados. 
  
  
 
ABSTRACT 
Petroleum reservoirs are deep subsurface environments of global importance as energy 
resources and in biogeochemical cycles. Microorganisms living in petroleum reservoirs are 
able to use petroleum hydrocarbons as carbon sources, leading to biodegradation and 
negatively affecting the quality and economic value of oil. Previous studies suggest that 
anaerobic microorganisms are responsible for in-reservoir oil biodegradation. However, 
little is known about the actual microbial diversity and metabolic processes involved in 
biodegradation, mainly because of the difficulty in recovering the complex microbial 
community present in such extreme environments. This work aimed to characterize the 
microbiota of two petroleum reservoir samples using culture-independent approaches 
and assess the anaerobic hydrocarbon degradation potential of the indigenous 
microorganisms under different physicochemical conditions. The study revealed clear 
differences in the phylogenetic diversity between the degraded (BA-1) and non-degraded 
(BA-2) oil samples based on the analysis of bacterial and archaeal 16S rRNA gene clone 
libraries. The taxonomic and functional differences were also evident in the metagenomic 
profiles of the two petroleum reservoir samples. The metagenome from the BA-1 sample 
showed high abundance of genes related with the anaerobic hydrocarbon degradation, 
methanogenesis and syntrophic associations, while the BA-2 sample showed abundance 
of aerobic hydrocarbon degradation genes. Correspondingly, a microbial anaerobic active 
consortium was successfully cultivated from the BA-1 oil sample capable of metabolizing 
the crude oil components to methane. Higher rates of methane production were observed 
at the lowest salinity and at the in situ reservoir temperature. Together, the highest salt 
concentration (120 gl-1) and temperature (70 ºC) tested showed to inhibit the 
methanogenic activity of the consortium. Data obtained demonstrate that crude oil can 
harbour an indigenous microbiota with the ability to degrade petroleum hydrocarbons 
predominantly via methanogenic metabolism. Results gathered herein, and the ongoing 
work, will help us to understand the potential roles of microbes in hydrocarbon 
biodegradation and how such organisms respond to the environmental conditions in the 
petroliferous subsurface. In addition, the unveiled potential of the BA-1 microbiota to 
convert oil components to methane has an important contribution to the petroleum 
industry, as methane might be the future for energy production from deep or depleted 
reservoirs.  
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12 
Introduction  
Since fossil fuel continues to be the most important primary energy source, and will 
remain so in the medium term (Head and Gray, 2016), the understanding of the role of 
microorganisms in deep subsurface oil reservoirs is a relevant issue for the petroleum 
industry. Most of the oil found in petroleum reservoirs in the world has been degraded to 
some extent over geological time, a phenomenon that leads to the formation of heavy oils 
and costly and less efficient extraction process, with consequent significant economic and 
environmental impacts (Head et al., 2010).  
Evidences for in situ crude oil biodegradation in reservoirs come from numerous 
petrochemical, geological and microbial studies (Gieg et al., 2010). For long time, the 
mechanism thought to be responsible for oil biodegradation in reservoirs was the aerobic 
microbial metabolism. However, it would be very unlikely that oxygen could reach deep oil 
reservoir environments (Head et al., 2010). In addition, in the last two decades, evidence of 
the ability of microorganisms to anaerobically metabolise mono and polycyclic aromatic 
hydrocarbons or alkanes in pure cultures has accumulated, and the detection of typical 
anaerobic metabolites in biodegraded oil samples has been reported. These data, 
altogether, suggest that anaerobic biodegradation in oil reservoirs by extant microbial 
populations is the most common process (Widdel and Rabus, 2001; Roling, 2003; Aitken et 
al., 2004). Indeed, anaerobes have been identified from oilfields since the early 20th 
century in mesophilic and thermophilic oil reservoirs through both culture dependent and 
independent techniques. A broad diversity of physiological and taxonomic groups of 
anaerobes have been identified, including fermentative, nitrate reducing, iron-, 
manganese- and sulphate-reducing bacteria and methanogenic archaea (Orphan et al., 
2000; Grabowski et al., 2005; Dahle et al., 2008; Pham et al., 2009). Moreover, larger 
numbers of DNA sequences have been recently retrieved by next generation sequencing 
technologies, such as tag sequencing of 16S rRNA genes, allowing a deeper taxonomic 
picture of microbial communities in petroleum reservoirs (Kryachko et al., 2012; Lenchi et 
al., 2013; Wang et al., 2014; Gao et al., 2015; Cai et al., 2015). Nevertheless, given the 
difficulties in sampling and the efficiency of DNA extraction from crude oil, few studies 
have aimed at the functional assessment of microbial communities in oilfields by 
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sequencing total metagenomic DNA (Kotlar et al., 2011; Lewin et al., 2014; An, Brown, et al., 
2013).  
Despite the widespread occurrence of degraded petroleum reservoirs and the 
recognition of the relevance of the anaerobic microorganisms driving the crude oil 
biodegradation process, today, our understanding of the phylogenetic diversity, metabolic 
capabilities, ecological roles and community dynamics of microbial communities in oil 
reservoir is far from complete (Youssef et al., 2009). As hydrocarbon degradation has been 
linked to nitrate reduction, iron reduction, sulphate reduction and methanogenesis in 
surface sediments (Widdel and Rabus, 2001), all these processes are potentially relevant for 
anaerobic biodegradation in petroleum reservoirs (Head et al., 2010). However, nitrate and 
iron reduction can be ruled out as quantitatively important mechanisms for 
biodegradation, because nitrate is rarely detected in oil reservoirs and will be consumed 
quickly in the near surface sediments and, although iron can be abundant in petroleum 
reservoirs, it would be in the form of unreactive iron silicates. This leaves sulphate 
reduction and methanogenesis as the most likely processes responsible for in-reservoir 
hydrocarbon oxidation (Head et al., 2010). The first analysis of the crude oil biodegradation 
(rather than alkanes) in the context of biodegraded oil reservoirs was developed by Jones 
and collaborators (2008). In this work, Jones et al. (2008) observed that the pattern of 
hydrocarbon removal characteristic of biodegraded oil reservoirs was similar to the pattern 
observed in microcosms incubated under the methanogenic conditions and was distinct 
from the pattern observed for sulphate-reducing laboratory conditions. Later, Gieg et al. 
(2010) demonstrated that sulphate reduction was an important electron acceptor in one 
oil field but methanogenic metabolism was more important in other oilfield. This 
difference was explained based on the high sulphate concentration in the first oilfield as a 
consequence of the water flooding practice. Therefore, methanogenic crude oil 
biodegradation would be more strongly associated with indigenous oilfield systems. 
In general, besides electron acceptors, a number of environmental factors are 
known to affect microbial activity, including temperature, salinity, pH, water activity, 
radiation and availability of carbon and energy sources and inorganic nutrients (Head et al., 
2014). For in-reservoir crude oil biodegradation, the most important factor seems to be the 
reservoir temperature with a maximum limit for oil biodegradation of 80 ºC. However, 
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salinity has been also considered as an important limiting factor, where highly saline 
reservoirs show limited oil biodegradation (Head et al., 2010). 
In this context, the understanding of oil biodegradation under anaerobic conditions 
is relevant not only for remediation technologies in oil impacted areas where oxygen can 
be rapidly depleted, but also for improving the energy recovery efficiency in petroleum 
reservoirs. This is because the anaerobic biodegradation of crude oil components to 
methane gas is providing new opportunities in energy recovery through facilitated 
methanogenesis in deep or spent-reservoirs (Gray et al., 2010; Gieg et al., 2008; Mbadinga 
et al., 2012a; Meslé et al., 2013).  
This work conducted a culture-independent survey of the microbiota in two 
petroleum reservoirs and assessed the feasibility of the microbial community members to 
degrade the crude oil components anaerobically under different conditions. Results 
gathered together contribute to clarify the key microbial players and the metabolic 
processes relevant for oil degradation in deep petroleum reservoirs in Brazil. These data 
will allow to confirm if methanogenic degradation of oil is actually a prevalent process in 
the reservoirs under study and the potential for anaerobic degradation of the indigenous 
microbial communities in such environments.   
 
Research objectives 
The major goal of this thesis work was to investigate the taxonomic and functional 
diversity of microbial communities living in petroleum reservoirs and their mechanisms 
involved in the oil biodegradation with focus on the anaerobic processes. Therefore, three 
main objectives were established to drive this work: 
1. To characterize the microbial community diversity from Brazilian degraded and 
non-degraded crude oil reservoir samples and compare them with each other and 
with the microbial diversity found in oil reservoirs worldwide. 
2. To identify and to characterize the microbial mechanisms involved in hydrocarbon 
degradation and the key microorganisms in Brazilian petroleum reservoir samples. 
3. To assess the ability of indigenous microbes from Brazilian oil reservoirs to degrade 
oil components under methanogenic and sulphate-reducing conditions and the 
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combined effect of salinity and temperature on the anaerobic microbiota and 
biodegradation.  
 
Organization of the thesis  
This thesis is divided into chapters that contain the information for original 
manuscripts already submitted or in preparation for publication in scientific journals. The 
first section comprises a literature review of the state of the art describing the main 
concepts and background information necessary to understand the content of the 
individual chapters. A brief specific introduction is also included in each chapter. The 
second section “Experimental procedures” describes the origin of the petroleum reservoir 
samples used in this work and the methods used to accomplish the proposed objectives. 
Chapter 1 presents the first characterization of the total hydrocarbon and microbial 
composition of the petroleum samples and the comparison of the taxonomic diversity of 
microorganisms present in the Brazilian oil samples with other microbial communities 
from petroleum reservoirs worldwide, investigated in the context of the environmental 
parameters heterogeneity and degradation level. Chapter 2 presents an in-depth 
metagenomic characterization of the taxonomic and functional microbial diversity in the 
petroleum reservoir samples focusing on the presence of hydrocarbon degradation genes 
and pathways. Chapter 3 describes the anaerobic cultivation experiments and monitoring 
conducted at the Newcastle University to study the anaerobic crude oil biodegradation 
potential of the indigenous microbiota from Brazilian oil reservoirs in microcosms under 
different conditions. Finally, Chapter 4 presents the first insights into the dominant 
community members present in the petroleum samples derived from metagenomic 
binning methods. 
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Literature Review 
1. Introduction to the concept of petroleum reservoir 
Oil reservoirs are formations of porous and permeable rocks enclosed by 
impermeable layers (Figure 1). The reservoir fluids, mainly oil, gas and water are contained 
inside the pores of the rock, usually under high temperature and pressure (Völcker, 2012). 
 
 
Figure 1. Representation of oil and gas reservoir (from http://petroleum101.com/what-is-a-
petroleum-reservoir/, September 16th 2016).  
 
The gas phase includes low-molecular-weight hydrocarbons (<C4) such as methane, 
ethane, propane and butane, while the liquid phase is known as crude oil.  Petroleum is 
composed by a mixture of more than 20,000 chemical components (Marshall and Rodgers, 
2004) and is considered as one of the most complex mixture of organic compounds 
occurring on Earth (Head et al., 2006). 
Hydrocarbons are the most abundant compounds in crude oil, accounting for 50-
98% of the total composition, and only trace amounts of other chemicals are present. 
These include (1) gases, such as N2, CO2, H2S, and He; (2) trace metals, particularly V, Zn, Ni, 
and Hg; and (3) organic compounds that contain N, S and O. Hydrocarbons are mainly 
classified in two fractions: aliphatic and aromatic hydrocarbons (Figure 2) (Lieber, 2009). 
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Aliphatic hydrocarbons have their carbon atoms bonded in straight chains, 
branched chains or non‐aromatic rings (cyclic). They may be saturated, when all their C‐C 
bonds are simple (alkanes) or unsaturated, with double bonds (alkenes) or triple bonds 
(alkynes) (Figure 2). On the other hand, aromatic hydrocarbons are very stable cyclic 
molecules that contain conjugated double bonds. Aromatics may be monocyclic, such as 
benzene, or polycyclic (constituted for 2 or more benzene rings, e.g. naphthalene). Many 
important compounds in this class also contain aliphatic hydrocarbon chains bonded to 
aromatic rings (alkylbenzenes) (Figure 2) (Suarez-Suarez, 2012).  
Crude oils are classified for economic value according to API gravity, which is based 
on a surface measurement of the specific density of degassed oil (Head et al., 2003). Thus, 
crude oils may be described as light or heavy, according to the API gravity of the mixture. 
Heavy oils have API gravities of 20 or less, super-heavy oils have API gravities of 10 or less. 
A typical light marine non-degraded oil has an API gravity around 36-38 (Head et al., 2003).  
The world’s petroleum inventory is dominated by biodegraded oils and it is now 
clear that biodegradation is a result of microbial alteration of oils in the reservoir over 
geological time (Roadifer, 1987; Head et al., 2010). Over 50% of the Earth’s oil reserves are 
heavy oils and tar sand accumulations. Tar sands are sandstones saturated with heavy or 
super-heavy oil; the oils in the Canadian and Venezuelan tar sands have API gravities of 6–
12. The largest single accumulations are the supergiant deposits of tar sands trapped on 
the flanks of Alberta (Canada) and on Eastern Venezuelan foreland basins (Head et al., 
2003). The Orinoco heavy oil belt in Venezuela has the largest known petroleum 
accumulation in the world (1,200 billion barrels), with the Athabasca accumulation in 
Canada in second place (nearly 900 billion barrels). These accumulations dwarf the largest 
light oil fields such as Ghawar (Saudi Arabia) and Burghan (Kuwait), which contain measly 
190 billion barrels each (Roadifer, 1987). 
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Figure 2. Molecular models of some aliphatic and aromatic hydrocarbons found in petroleum. 
Carbon and hydrogen atoms are represented in black and white respectively. (A) Methane 
(gaseous aliphatic); (B) Hexane (straight chain alkane); (C) Cyclohexene (cyclic alkane); (D) 
Methylhexane (branched chain alkane); (E) 1-Octene (Alkene) (F) Benzene (single ring aromatic); (G) 
Naphthalene (polycyclic aromatic); (H) Toluene (alkylated benzene); (I) Methylnaphthalene 
(alkylated polycyclilc aromatic).  
 
In parallel to the API classification, other major categorisation of oils is 
“conventional oil” and “unconventional oil”. The precise definition is inconsistent, but it is 
generally agreed that conventional oil is the more easily accessible (and therefore usually 
cheaper) oil. Unconventional oil, on the other hand, encompasses oil that is difficult to be 
extracted, requiring novel or ‘unconventional’ production technologies, and is therefore 
usually more expensive to be produced (McGlade, 2013). As stated above, a large portion 
of the world’s total oil exists as such unconventional sources (bitumen in Canada or extra 
heavy oil in Venezuela) (Figure 3). Technologies used to recover heavy oils (e.g. open cast 
mining and steam-assisted gravity drainage) produce two to three times more CO2 per 
barrel than conventional oil production technologies (McKellar et al., 2009). As more 
readily and economically recoverable light oil reserves become depleted, heavy oil is 
increasingly being exploited for energy production. Given the declining inventory of 
conventional petroleum, it is clear that past microbiological degradation of oil has a 
current impact on the economies of industrialized and developing nations, and 
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furthermore the exploitation of these heavy oils has significant environmental 
consequences (Gray et al., 2010). 
 
 
Figure 3. Map of the proven world oil reserves, 2013. Unconventional reservoirs such as natural 
heavy oil and oil sands are included. From CIA - The World Factbook. Crude oil –proved reserves. 
(available at: http://www.wikiwand.com/en/Oil_reserves). 
 
2. Microbial communities in petroleum reservoirs 
Deep subsurface petroleum reservoirs were long considered as hostile 
environments unfavourable to life and growth (Augustinovic et al., 2012). However, 
surveys of deep-subsurface oil reservoirs in the past two decades have shown the ability of 
microorganisms to colonize these extreme habitats, usually characterized by high 
temperature, pressure, salt, heavy metal, and organic solvent concentrations (Youssef et 
al., 2009). At present, it is a well-established scientific fact that microorganisms can thrive 
in extreme environments and the dogma of the sterile deep subsurface has been dispelled 
(Foght, 2010). Rather, it has become clear that many oil reservoirs do harbour indigenous 
microbes (e.g. the genera Geotoga and Petrotoga isolated only from oil reservoirs), which 
are believed to be mainly dominated by strict anaerobes (Magot et al., 2000) 
Oil reservoirs have low redox potentials and hence harbour mainly anaerobic and 
facultative microorganisms (Youssef et al., 2009). Electron donors in oil reservoirs include 
hydrogen, volatile fatty acids (VFAs) such as acetate, propionate and benzoate (Fisher, 
1987), petroleum hydrocarbons, and inorganic electron donors (e.g., sulfide). Regarding 
electron acceptors, sulfate and carbonate minerals are important in many oil reservoirs. 
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Some microbes from oil fields use iron (III) as an electron acceptor, but it is unclear how 
prevalent iron (III) is in oil reservoirs. Nitrate and oxygen are limiting in most oil reservoirs 
unless added with injected fluids (Youssef et al., 2009). 
In this context, multiple groups of microorganisms with diverse physiologies have 
been recovered from petroleum reservoirs. A wide range of bacterial and archaeal species 
have been identified based on culture independent analysis of oilfield waters (Orphan et 
al., 2000) or on traditional cultivation methods (Magot et al., 2000). These groups 
encompass fermentative bacteria (Firmicutes, Thermotogae, Synergistetes, Spirochaetes), 
fermentative archaea (Thermococcus, Pyrococcus), sulphate-reducers (e.g. members of 
Deltaproteobacteria, Firmicutes and the archaea Archaeoglobus), iron-reducing bacteria 
(members of Gammaproteobacteria, Bacteroidetes, Deferribacteres, Firmicutes, 
Thermotogae), nitrate reducers (Betaproteobacteria, Gammaproteobacteria, 
Epsilonproteobacteria, Deferribacteres, Firmicutes members), homoacetogens (Firmicutes) 
and methanogenic archaea (Methanococcales, Methanomicrobiales, Methanobacteriales, 
Methanosarcinales), among others. Actually, the inventory of oilfield microorganisms is 
continually growing (Magot et al., 2000; Youssef et al., 2009). Table 1 enlist some taxa and 
genera commonly found in oil reservoirs and their potential role in biodegradation. 
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Table 1. Examples of common bacterial and archaeal genera found in oil reservoirs and their respective metabolic potential and possible role in the 
degradation of complex organic matrix (Source: Meslé et al., 2013). 
 Genera* Main metabolism Function 
BACTERIA    
Actinobacteria Propionicella, Rhodococcus Cellulolytic, metabolism of 
poorly water soluble organic 
compounds 
Fermenters 
Bacteroidetes Bacteroides, Cytophaga, 
Petrimonas 
Obligate fermenter; metabolism 
of organic acids and polymers 
Fermenters 
Firmicutes Clostridium Hydrolytic digestion of 
macromolecular compounds, 
acetate production or oxidation 
Fermenters, Syntrophs 
 Sedimentibacter Fatty acid fermentation to 
acetate 
Fermenters, Syntrophs 
 Acetobacterium Homoacetogen Syntrophs 
 Syntrophomonas Syntrophic fatty acids oxidation Syntrophs 
Alphaproteobacteria Sphingomonas, Rhodobacter, 
Roseobacter 
Metabolism of polyaromatic 
hydrocarbon; oil-degrading 
primary fermentation 
Fermenters 
Betaproteobacteria Azoarcus, Azovibrio, Thauera, 
Acidovorax, Hydrogenophaga 
Saturated and aromatic 
hydrocarbon degraders, 
hydrogen-utilizing, nitrate-
reducers 
Fermenters 
Gammaproteobacteria Pseudomonas, Thalassolituus, 
Acinetobacter 
Facultative anaerobe, 
hydrocarbon degraders, primary 
fermentation 
Putative fermenters 
Deltaproteobacteria Desulfuromonas, Desulfovibrio, 
Desulfomicrobium 
Sulfate reducers, hydrocarbon 
degradation, organic acids 
fermentation 
Fermenters, Syntrophs 
 Desulfotomaculum Secondary fermentation of fatty 
acids to acetate and hydrogen 
Syntrophs 
 Syntrophus, Smithella Fatty acids degradation, alkanes 
fermentation 
Syntrophs 
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Epsilonproteobacteria Campylobacter, Arcobacter, 
Sulfospirillum 
Nitrate-reducers, sulfide-
oxidizers, fermentation of 
organic compounds, 
hydrocarbon degradation, 
acetate oxidation 
Fermenters, Syntrophs 
ARCHAEA    
Methanosarcinales Methanosarcina Versatile Methanogen 
 Methanolobulus Obligate methylotrophic Methanogen 
 Methanosaeta Obligate acetoclastic Methanogen 
Methanomicrobiales Methanocalculus Hydrogenotrophic  Methanogen 
 Methanoculleus Hydrogenotrophic  Methanogen 
 Methanobacterium Hydrogenotrophic  Methanogen 
 Methanothermobacter Hydrogenotrophic  Methanogen 
*Most of the genera presented in the table correspond to microorganisms detected through 16S rRNA studies; therefore there is little information on 
their actual ability to degrade oil. 
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Most reported studies on microbial communities in petroleum reservoirs come 
from produced waters and, consequently, there are some drawbacks to consider. Firstly, 
the nature of the produced waters, where issues like whether or not water injection for 
secondary recovery has been practiced lead to difficulties in assigning the provenance of 
the cultured organisms to petroleum reservoirs (Head et al., 2014). Therefore, determining 
possible sources of contamination and whether or not microorganisms recovered are 
indigenous to an oil reservoir, are thorny issues concerning petroleum microbiology. 
Secondly, the recent growing evidence that microbial life can exist in the oil itself, and thus 
distinct microbial communities could be associated with the different components of the 
oil reservoir (e.g. crude oil or production water) (Kobayashi et al., 2012; Wang et al., 2014; 
Kryachko et al., 2012; Cai et al., 2015; Meckenstock et al., 2014) have increased the 
awareness that the crude oil microbiota should be considered when exploring or applying 
technologies in oil reservoirs.  
Despite the numerous studies on oil field microbiology, to date there have been 
few studies which have focused specifically on the microbial communities present in 
biodegraded petroleum reservoirs (Sette et al., 2007; Silva et al., 2013; Hubert et al., 2012; 
Grabowski et al., 2005; Voordouw et al., 1996). Although the first study of microbial 
communities in biodegraded petroleum reservoirs were published in the early 1990´s 
(Voordouw et al., 1990, 1991, 1993), these focussed on the analysis of sulphate reducing 
bacteria and did not provide an overview of the reservoir communities as a whole. The first 
broader study on microbial communities in a biodegraded oil reservoir was reported in 
1996 (Voordouw et al., 1996). Here, Voordouw and colleagues showed the predominance 
of Epsilonproteobacteria and in less number a gammaproteobacterium of the genus 
Thiomicrospira, but given that the reservoir was water-flooded for secondary oil recovery, it 
is assumed that this may have influenced the composition of the microbial community 
(Head et al., 2010). However, later studies on microbial communities associated with waters 
from heavy oil fields in Western Canadian Sedimentary Basin and Oil Sand reservoirs also 
showed a dominance of Epsilonproteobacteria (Grabowski et al., 2005; Hubert et al., 2012). 
In our own group, prior studies apparently did not show significant differences in the 
community structure between degraded and non degraded reservoirs based on ARDRA 
analysis (Sette et al., 2007). However, the authors suggested that a great sequencing effort 
could have better covered the microbial communities. In fact, a more recent work (Silva et 
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al., 2013) using 16S rRNA gene libraries in moderately and non-degraded petroleum 
samples did show statistical differences, mainly in relation to the Deltaproteobacteria class 
which was only detected in the biodegraded sample (Silva et al., 2013). The fact that heavy 
oils have low levels of saturated hydrocarbons like n-alkanes and contain higher levels of 
aromatic hydrocarbons and more polar aromatic components might explain why 
microbial communities in biodegraded heavy oil reservoirs appear to be distinct (Head et 
al., 2014). 
 
3. Oil biodegradation in petroleum reservoirs  
The study of microbial communities in petroleum reservoirs has been mainly 
motivated by the increasing oil demand in the world and the understanding that microbial 
activities in oil reservoirs can have significant implications in oil quality and recovery. Some 
of the effects can be negative, such as degradation of petroleum hydrocarbons, reservoir 
souring and corrosion of oil field equipment, whereas others may be beneficial, such as the 
application of microbial technologies for enhanced oil recovery (Head et al., 2003; Roling, 
2003).  
From all these, oil biodegradation is one of the main interests in oil-field 
microbiology. As stated above, the fact that most of the crude oil reserves on the Earth are 
heavy oils degraded by microbial activity provides the evidence that microbial 
degradation of oil in petroleum reservoirs is a globally significant biogeochemical process 
(Head et al., 2010). The physical and chemical changes that result from in reservoir 
biodegradation have important operational and economic consequences. These include 
the removal of the lighter saturated hydrocarbon fraction and the consequent increase in 
the polar fraction of oils (such as resins and asphaltenes, as well as polar compounds 
generated during biodegradation and found in the UCM), resulting in increased viscosity 
and reduced API gravity of the oil. In addition, biodegradation results in increased acidity 
and sulfur content of the oil. This leads to problems with corrosion and chemical 
inactivation of other processes during transport, refining and processing of the oil. These 
resulting changes reduce the oil quality and value and increase the processing costs of 
biodegraded oils (Head et al., 2010). 
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Field observations have suggested that most of petroleum degradation occurs at 
the oil-water transition zones (OWTZ, Figure 4) (Head et al., 2003; Larter et al., 2003). This is 
supported by the idea that in this zone the microorganisms find the water necessary for 
life and the oil provides the electron donors and acceptors and carbon sources necessary 
to conserve energy and generate biomass (Head et al., 2014). 
 
 
Figure 4. Schematic representation of the Oil Water Transition Zone (OWTZ). Gas chromatograms 
and hydrocarbon saturated content (left part of the figure) show a progressive increase in 
biodegradation near to the OWTZ. Hydrocarbons diffuse towards the oil-water contact, where 
microorganisms actively degrade them using nutrients supplied by the water below the oil 
column. Fresh oil is charged to the reservoir at the same time that biodegradation occurs. (Adapted 
from Head et al., 2003).  
 
4. Microbial processes involved in oil biodegradation in petroleum reservoirs 
The arquetype for biodegradation of crude oil in petroleum reservoirs was for long 
time considered an aerobic process, supported by the oxygen flow from the meteoric 
waters (Palmer, 1993). However, in the past decade, the accumulated evidence pointed out 
that anaerobic mechanisms would be more likely to occur in in-reservoir oil 
biodegradation (Head et al., 2003; Zengler et al., 1999; Jones et al., 2008; Gieg et al., 2008). 
In addition, more evidences have indicated that in oil reservoirs with low concentrations of 
electron acceptors (e.g. sulphate) the methanogenic degradation is the primary 
mechanism of hydrocarbon degradation (Head et al., 2003; Larter et al., 2005; Jones et al., 
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2008). These conclusions have been based on two observations: 1) the detection of 
metabolites characteristic of anaerobic hydrocarbon degradation in oil, core and drill 
cutting samples from biodegraded reservoirs, which were not detected in non-degraded 
reservoirs or aerobically degraded oils (Aitken et al., 2004), and 2) the comparative analysis 
of the in reservoir-degraded oils with oils degraded under methanogenic or sulphate-
reducing conditions in laboratory incubations, analysis of gas isotopes from the field and 
Rayleigh fractionation modelling (Jones et al., 2008).  
However, the current knowledge of the metabolic pathways involved in 
hydrocarbon degradation in petroleum reservoirs is still limited. In fact, it is commonly 
reported in literature that organisms considered to be aerobic (or in some cases 
facultative) heterotrophs, such as Bacillus spp., Acinetobacter spp. and Pseudomonas spp., 
have been isolated or detected in hydrocarbon-containing subsurface reservoirs (Orphan 
et al., 2000; da Cruz et al., 2011; Li et al., 2012; An, Caffrey, et al., 2013; Meslé et al., 2013; 
Berdugo-Clavijo and Gieg, 2014). Experiments from da Cruz and colleagues (2011) have 
proposed that oil degradation could be a joint achievement of both aerobic and anaerobic 
bacterial consortium. Similarly, An et al. (2013) revealed through metagenomics-based 
approaches that high proportions of aerobic hydrocarbon-degrading genes and bacteria 
are found in several hydrocarbon resources environments (tailing ponds, coal beds, 
production waters from oil reservoirs, etc). In addition, previous studies with metagenomic 
fosmid clones from reservoir samples carried out in our research group revealed that some 
clones exhibited functional hydrocarbon degradation activities coded by fragmented gene 
clusters for aerobic and anaerobic degradation pathways (Sierra-García et al., 2014). 
Altogether, these reports raise questions about the anaerobic/methanogenic origin of 
heavy oil that have prevailed during the recent years (Head et al., 2003). 
Possible explanations for the occurrence of these aerobic organisms have been 
proposed by Head et al. (2014), as follows: 1) exposition of samples to oxygen during 
sampling, transportation or storage, enabling the growth of aerobic organisms originally 
present in lower abundances; 2) oxygen could be delivered through meteoric waters; 3) 
The possibility of a “cryptic” aerobic community that uses in situ generated oxygen may be 
present in some petroleum systems; and 4) the aerobes detected are capable of anaerobic 
metabolism.  
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An important evidence for the possibility of aerobic microorganisms growing in 
syntrophic partnership with methanogens came from a study of a methanogenic, crude-oil 
enrichment derived from oil reservoir production waters (Berdugo-Clavijo and Gieg, 2014). 
In this study, an initial methanogenic consortium dominated by Smithella sp. (putative 
alkane fermenting organism) and acetotrophs and hydrogenotrophic methanogens was 
inoculated anaerobically into sand columns containing residual oil and were incubated in 
anaerobiosis over 300 days. After this period, the crude oil showed to be actively degraded 
over the time and generated methane. Intriguingly, the microbial community contained in 
the sand columns differed greatly from the initial inoculum, showing a predominance of 
Pseudomonas spp. and hydrogenotrophic methanogens. Authors affirm that Pseudomonas 
spp. could have evolved to occupy a niche whereby they are active under highly reducing 
conditions or probably might be related with the known ability of these organisms to form 
biofilms, giving them a competitive advantage in sessile environments.  
 
5. What controls anaerobic biodegradation of oil in petroleum reservoirs? 
Reservoir temperature is considered the primary factor controlling the occurrence 
of biodegraded petroleum reservoirs (Head et al., 2010). This idea is related to the 
paleopasteurization hypothesis developed by Wilhelms et al. (2001), which was formulated 
based on field data observations that biodegraded oil is rarely found in petroleum 
reservoirs at temperatures exceeding 80 ºC. However, not all oil reservoirs below 80ºC are 
biodegraded and the paleopasteurization hypothesis address to explain this by the 
geological history of low temperature in non-biodegraded reservoirs compared to 
biodegraded reservoirs (Figure 5). The hypothesis establishes that the upper thermal limit 
for hydrocarbon-degrading microbial life in petroleum reservoirs was 80-90ºC and that 
once a reservoir had been heated to these temperatures, it was not re-colonized by 
hydrocarbon degrading microorganisms, even if the reservoir was subsequently uplifted 
to shallower cooler depths (Wilhelms et al., 2001). 
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Figure 5. The palaeopasteurization model of Wilhelms et al. (2001) compares continuously 
subsiding (for example, Viking Graben, North Sea) and uplifted sedimentary basins (for example, 
Barents Sea or Wessex Basin) and shows schematic burial history (top), reservoir temperature 
history (middle) and petroleum system (lower) events. This illustrates key differences with respect 
to biodegradation in petroleum reservoirs. Biodegradation of petroleum occurs only in 
sedimentary units that have not been exposed to temperatures exceeding 80 °C 
(palaeopasteurization) before oil charging (Source: Head et al., 2003). 
 
Recently, it has been proposed that salinity of the reservoir formation waters exerts 
a key control on the occurrence of biodegraded heavy oils (Head et al., 2014). Furthermore, 
the authors speculate a possible interaction between temperature and salinity to explain 
the occurrence of non-degraded oil in reservoirs where the temperature has not reached 
80-90ºC, the range required for paleopasteurization (Head et al., 2014). This is consistent 
with the observed inability to culture microorganisms from reservoir waters at salinities 
greater than 100 gl-1 (Grassia et al., 1996).  
Nutrient availability has been also considered an important control factor of in 
reservoir oil biodegradation. However, compared to aerobic degradation of crude oil, 
anaerobes have lower biomass yields and, therefore, methanogenic oil degradation in 
petroleum reservoirs possibly requires less nitrogen and phosphorous than aerobic 
heterotrophs (Gray et al., 2011; Head et al., 2014). 
In addition, metabolic intermediates and end products may also exert control on 
crude oil biodegradation linked to methanogenesis. Hydrogen is an important 
intermediate in the process of methanogenic alkane degradation. Low levels of hydrogen 
  
 
29 
(produced by fermentation reactions) are typically maintained by methanogens which are 
responsible for the complete oxidation of hydrogen and carbon dioxide. However, primary 
fermentation of alkanes can be repressed by the accumulation of hydrogen mediated by 
environmental factors such as pH or presence of inhibitory compounds. Therefore, the 
accumulation of metabolic intermediates, such as hydrogen potentially affect the 
methanogenic crude oil biodegradation (Head et al., 2014). Metabolic end products in 
methanogenic biodegradation such as methane or carbon dioxide can lead to the 
thermodynamic inhibition of the methanogenic system. Calculations in standard 
conditions for the methanogenic hexadecane degradation indicate that methanogenesis 
remains thermodynamically feasibly up to CO2 concentrations of 1017 atmospheres and 
methane concentration of 104 atmospheres (Head et al., 2014).   
 
6. Anaerobic biodegradation of hydrocarbons 
Petroleum hydrocarbons are excellent electron donors and carbon sources for 
microorganisms; therefore, they are readily degraded under oxic conditions. Albeit 
kinetically slower, anaerobic degradation of petroleum hydrocarbons occurs with electron 
acceptors such as sulphate, nitrate, and ferric iron or under methanogenesis (Meckenstock, 
et al., 2014). In contrast with the highly energetic reactions from microbial utilization of 
hydrocarbons in the presence of O2, lower energy is gained from the hydrocarbon 
utilization in anaerobic conditions, using other electron acceptors (Widdel and Musat, 
2010). Calculations of the free energy obtained from hexadecane biodegradation reactions 
at standard conditions and under different electron acceptor conditions are exemplified in 
Table 2. Lower free energy is released under nitrate- and sulphate-reducing conditions (b 
and c) compared to aerobic oxidation with O2 as electron acceptor (a) and the lowest 
amount of energy is gained under methanogenic conditions (d). 
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Table 2. Free energy charges for the biodegradation of hexadecane as a model hydrocarbon with 
oxygen, nitrate or sulphate as electron acceptors or under methanogenic conditions. Adapted from 
Widdel and Musat (2010). 
Reactants ΔG°’	(kJ/mol)	
a)	2	C16H34	+	49	O2	->	32	CO2	+	34	H2O -10,392 
b)	5	C16H34	+	98	NO3-	+	98	H+	->	80	CO2	+49	N2	+134	H2O -9,757 
c)	4	C16H34	+	49	SO42-	+	98	H+	->	64	CO2	+49	H2S	+68	H2O -632 
d)	4	C16H34	+	30	H2O	->	49	CH4	+	15	CO2 -372 
 
Pathways for biodegradation of hydrocarbons aerobically have been widely 
investigated (Rosenberg, 2013). The key enzymes catalysing the degradation of 
hydrocarbons under aerobic conditions are the mono and di-oxygenases. Aliphatic 
hydrocarbons such as alkanes are commonly oxidized to primary alcohols, which will be 
further oxidized to aldehydes and subsequently to fatty acids and then subjected to the 
degradation in the β-oxidation pathway (Rojo, 2009). In aromatic hydrocarbon 
degradation, a wide variety of peripheral pathways activate the hydrocarbons into 
common intermediates such as catechol. The key enzymes catalysing degradation of 
catechol are intradiol and extradiol dioxygenases, turning it into easily degradable 
products that will enter the tricarboxilic acid cycle (TCA) (Whited and Gibson, 1991). 
Anaerobic degradation of hydrocarbons involves a variety of intriguing 
biochemically unprecedented reactions (Rabus et al., 2016). The metabolic pathways used 
by microorganisms to degrade hydrocarbons in the absence of oxygen have been 
elucidated mainly under sulphate- and nitrate- reducing conditions. Studies of 
hydrocarbon degradation pathways under the methanogenic metabolism are scarce. 
Three main mechanisms involved with the initial activation of hydrocarbons under anoxic 
conditions are described below. 
 
6.1. Fumarate addition  
This process was first described for the biodegradation of toluene by the 
betaproteobacterium Thauera aromatica under nitrate-reducing conditions (Biegert et al., 
1996; Beller and Spormann, 1997) and this pathway was subsequently confirmed for all 
other known species that degrade toluene anaerobically (Fuchs et al., 2011). In this 
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reaction, fumarate is added to the methyl carbon of the toluene to form R-benzylsuccinate 
(Figure 6). The benzyl succinate synthase (BSS), an oxygen-sensitive enzyme belonging to 
the glycyl radical family, catalyzes the addition of fumarate to the hydrocarbon. The BSS 
enzyme is composed by three subunits α, β and γ encoded by the gene bssABC (Li et al., 
2009). In addition, the BSS operon contains bssD gene and bssEFGH genes encoding for a 
glycyl radical activating protein for enzyme function, and proteins of unknown functions, 
respectively (Hermuth et al., 2002). The benzylsuccinate is then metabolized to 
benzylsuccinyl-CoA, which is further degraded by a sequence of β-oxidation reactions to 
succinyl-CoA, and benzoyl-CoA.  
Figure 6. Fumarate addition to toluene and subsequent oxidation of the intermediate 
benzylsuccinate to benzoyl-CoA. Succinate carbons are indicated by red shading. (Source: Fuchs et 
al., 2011) 
 
The reaction principle of BSS is widespread (Rabus et al., 2016). Fumarate addition 
has been reported for the activation of p-cymene, p-cresol, 2-methylnaphthalene and n-
alkanes, among others (Fuchs et al., 2011). Proteogenomic analysis of novel isolates of 
nitrate or sulphate-reducing bacteria has revealed further clades of alkyl-
/arylalkylsuccinate synthases (toluene plus xylenes, p-cymene, p-cresol, 2-
methylnaphthalene, n-alkanes) showing specificity to the hydrocarbon substrate (Figure 7) 
(Rabus et al., 2016). 
 
6.2. Oxygen independent hydroxylation 
Anaerobic hydroxylation has been detected for ethylbenzene activation under 
nitrate-reducing conditions (Kniemeyer and Heider, 2001). Ethylbenzene dehydrogenase 
(EBDH) is responsible for this reaction, composed by α, β and γ-subunits (Johnson et al., 
2001). Here, a hydroxyl group (from water) is added to the carbon-1 of the hydrocarbon 
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chain to produce phenylethanol. Phenylethanol is then oxidized to acetophenone, which 
is carboxylated to benzoylacetate by a highly complex carboxylase. Furthermore, a CoA 
ligase activates the benzoylacetate to benzoylacetyl- CoA, which is then cleaved to yield 
acetyl-CoA and benzoyl-CoA (Fuchs et al., 2011) (Figure 8). Ethylbenzene dehydrogenase 
hydroxylates a wide spectrum of ethyl- and propyl- substituted aromatic and 
heteroaromatic substrates (Fuchs et al., 2011). Recently, several further hydrocarbon 
hydroxylating, Mo-cofactor containing enzymes related to archetypical EBDH have been 
reported, such as C25 hydroxylase (S25d), p-cymene dehydrogenase (CmdABC) and the 
putative alkane C2-methylene hydroxylase (AhyABC) (Rabus et al., 2016). Hydroxylation 
was also reported in the biodegradation of benzene with the formation of phenol 
(Chakraborty and Coates, 2005; Ulrich et al., 2005).  
 
 
Figure 7. Phylogenetic relationships of the currently known alkyl/arylalkylsuccinate synthases 
based on the α-subunits. (1) toluene, m-xylene or p-xylene; (2) p-cymene; (3) p-cresol; (4) 2-
methylnaphthalene; (5) n-alkanes with C5 to C16 chain length. Blue dots indicate the reactive 
carbon atom at the hydrocarbon substrate. (Source: Rabus et al., 2016) 
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Figure 8. Hydroxylation of ethylbenzene to 1-phenylethanol, and the ATP-dependent 
carboxylation of acetophenone that is involved in the conversion to benzoyl-CoA (Source: Fuchs et 
al., 2011) 
 
6.3. Carboxylation 
This mechanism of activation has been proposed for aromatic hydrocarbons such 
as benzene, naphthalene and phenanthrene under nitrate-, iron- and sulfate- reducing 
conditions (Meckenstock et al., 2000; Rockne et al., 2000; Kunapuli et al., 2008). Although no 
biochemical evidence is available for these reactions yet (Fuchs et al., 2011), 
proteogenomic studies have revealed putative carboxylase-like proteins orthologous to 
the catalytic α-subunit of phenylphosphate carboxylase from T. aromatica K172 and 
related to the UbiD/UbiX proteins (Rabus et al., 2016). During the degradation of 
naphthalene via carboxylation, a carboxyl group is added to the naphthalene molecule, 
and 2-naphthoic acid is formed (Figure 9) (Meckenstock et al., 2000). Studies on the 
benzene degradation of an iron-reducing culture (Kuntze et al., 2008; Abu Laban et al., 
2010) revealed a putative benzene carboxylase (Abc) being upregulated and showing high 
homology with phenylphosphate carboxylase. Another putative benzene carboxylase has 
been identified in the iron reducing thermophilic archaeon Ferroglobus placidus, which 
contains the UbiD carboxylase domains (Holmes et al., 2011). 
 
Figure 9. Proposed carboxylation of benzene and naphthalene as the initial step of anaerobic 
degradation. The further metabolic fate of benzene after carboxylation to benzoate appears to be 
clear, but it is still unknown whether naphthoyl-CoA is actually metabolized via benzoyl-CoA 
(dotted arrow) (Source: Fuchs et al., 2011)  
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The further degradation of the benzoyl-CoA, the common intermediate in the three 
pathways described above (Figures 6, 8-9), proceeds via reductive dearomatization, 
catalized by benzoyl-CoA reductase (BCR). Two types of ring-dearomatizing enzymes are 
known. The first is the ATP-dependent BCR class that is found in facultative anaerobes (e.g., 
Thauera and Azoarcus), and is encoded by bcrABCD genes (Boll and Fuchs, 1995; Song and 
Ward, 2005). The second type is the ATP-independent BCR class, which is typically found in 
obligate anaerobes (e.g. Geobacter metallireducens) and is encoded by the bamBCDFGHI 
genes (Wischgoll et al., 2005; Kuntze et al., 2008). The reduced products of benzoyl-CoA are 
further degraded most likely by other hydrolytic-like and β-oxidation reactions (Boll et al., 
2002). 
 
7. Syntrophic biodegradation of hydrocarbons  
Syntrophy, simply meaning “feeding together”, can have a more refined definition 
as a thermodynamically inter-dependent, mutually beneficial metabolic process that 
occurs between organisms wherein the metabolism of a given compound by one 
organism only occurs when the end products are maintained at low concentrations via 
consumption by a second organism (Sieber et al., 2012; Gieg et al., 2014). Syntrophy occurs 
widely in methanogenic environments where anaerobic electron acceptors are limited or 
absent, such as freshwater sediments, rice paddies, sewage treatment plants, landfills, and 
the intestinal tracts of ruminants. However, syntrophic processes can also occur in higher 
redox environments or in the presence of electron acceptors such as nitrate, Fe (III), or 
sulphate (Kleinsteuber et al., 2012). Oil reservoirs are supposed to be one of those 
methanogenic environments where petroleum hydrocarbons are consumed by syntrophic 
association between fermentative bacteria and methanogenic archaea (Zengler et al., 
1999). 
Syntrophic associations within hydrocarbon-degrading enrichments have been 
reviewed recently (Gieg et al., 2014). In this process, fermentative bacteria (e.g. Clostridia 
and Proteobacteria) first transform hydrocarbons into smaller molecules and ferment the 
hydrolysis products to acetate and longer-chain fatty acids, CO2, formate, and hydrogen. 
Then, propionate, longer-chain fatty acids, alcohols, some amino acids, and aromatic 
compounds are then syntrophically metabolized to hydrogen, formate and acetate which 
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become substrates for either hydrogenotrophic (a) or acetotrophic (b) methanogenesis 
(Sieber et al., 2012) (Figure 10). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Possible mechanism for syntrophic degradation of polymers and hydrocarbons coupled 
to methanogenesis. a) hydrogenotrophic; b) acetotrophic; c) syntrophic acetate oxidation coupled 
to methane production (dotted lines)(Source: Berdugo-clavijo, 2015). 
 
Under standard conditions, the anaerobic oxidation of the initial substrate is 
thermodinamically unfavorable, however, it becomes more favourable when microbial 
partners such as methanogens consume the intermediates, keeping them at low 
concentrations (Table 3) (McInerney et al., 2009). The relative low amount of energy 
produced and shared amongst partners (syntrophs and methanogens) has made the 
syntrophy be considered as an extreme lifestyle (Table 3) (McInerney et al., 2009; Sieber et 
al., 2012).  
The complete biodegradation of petroleum hydrocarbons via syntrophic reactions 
coupled to methanogenesis and the predominance of one or another of the 
methanogenic pathways in the environment may depend on a combination of factors 
such as temperature, CO2 concentrations, salinity, pH, availability of electron acceptors 
and donors and nutrients, porosity and permeability (Jiménez et al., 2016). Laboratory and 
field studies suggest that hydrogen-utilizing methanogens are dominant in oil reservoir 
environments (Jones et al., 2008). However, other studies have shown acetoclastic 
methanogenesis as a major process occurring in contaminated aquifers (Dojka et al., 1998; 
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Struchtemeyer et al., 2005). The oxidation of hydrocarbons to acetate can also be linked to 
a thermodynamically feasible process known as syntrophic acetate oxidation (Figure 10c; 
Table 3), which is then coupled to hydrogenotrophic methanogenesis (Dolfing et al., 2008). 
This metabolic route seems to dominate in oil systems (Jones et al., 2008), especially in 
high temperature (50-70 ºC) oil reservoirs (Nazina et al., 1995; Mayumi et al., 2011).  
 
Table 3. Gibbs free energy for reactions involved in syntrophic hydrocarbon degradation coupled 
to methane production. Modified from (Gieg et al., 2014). 
	 ΔG°’	(kJ/mol)	
Methane-producing	reactions	 
Acetotrophic -31.0 
Hydrogenotrophic -135.6 
Syntrophic	hydrocarbon	oxidations	to	acetate	and	H2 
Toluene +113.6 
Naphthalene +	101.1 
Hexadecane +	470.8 
Overall	conversion	of	hydrocarbons	to	methane 
Toluene -130.5 
Naphthalene -189.5 
Hexadecane -353.5	
 
Analyses of the microbial communities from oil-degrading enrichments have been 
investigated. Important members responsible for methanogenic crude oil biodegradation 
include hydrocarbon degraders, H2 and acetate utilizing methanogens, and other 
secondary fermenters (Kleinsteuber et al., 2012). Usually, hydrocarbon degraders are 
fermenters such as Pelotomaculum, Peptococcaceae, Clostridium, members of the 
Deltaproteobacteria, Syntrophus and Sporotomaculum. However, when analysing oil-
degrading systems incubated under different electron acceptor conditions such as 
sulphate or iron-reducing conditions shows that bacterial communities are distinct (Head 
et al., 2014). Deltaproteobacteria, mostly related to Smithella, has been found often at high 
frequency in methanogenic hydrocarbon-degrading systems (Gray et al., 2011). On the 
other hand, oil-degrading communities under sulphate-reducing conditions have shown 
the prevalence of Gammaproteobacteria and Firmicutes, represented by members of 
Marinobacterium and members of the family Peptostreptococcaceae, respectively (Sherry 
et al., 2012). These organisms have been associated with hydrocarbon impacted 
environments in the past (Head et al., 2014). From these studies, it is easy to infer that 
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different genera of microorganisms are involved in syntrophic hydrocarbon degradation. 
Microbial players that are believed to utilize hydrocarbon intermediates and dead biomass 
include members of Chloroflexi, Anaerolineae and Bacteroidetes (Kleinsteuber et al., 2012). 
Consistent with the differences in microbial taxa in oil degrading systems under 
methanogenic and sulphate-reducing conditions, differences in the degradation of 
hydrocarbons are also observed (Head et al., 2014). Alkylsuccinates (key products from 
fumarate addition reactions) have been evident in oil-degrading laboratory incubations 
under sulphate-reducing conditions. In contrast, the low amounts of alkylsuccinates in 
methanogenic oil-degrading microcosms have suggested that hydrocarbon activation 
mechanisms for oil biodegradation under methanogenic conditions occur by a different 
mechanism (Aitken et al., 2013; Gieg et al., 2010). 
 
8. Microbial degradation of hydrocarbons at high salt concentrations 
As stated above, one of the main factors affecting oil biodegradation in petroleum 
reservoirs is the salinity, this is because life at high salt concentration is energetically 
expensive (Oren, 2011). The main parameters that will determine if a specific 
microorganism can live at high salt concentration relies on the amount of energy that can 
be generated during its metabolism and the mechanism of osmotic adaptation used. 
There are two fundamental strategies to counteract the effect of high salt concentrations: 
1) accumulation of ions (typically K+ and Cl- ions) to high intracellular concentrations 
(known as “salt in” strategy), and 2) intracellular synthesis of organic compounds known as 
compatible solutes (Head et al., 2014). Both strategies require considerable amount of 
energy with the latter being the more demanding. The energy cost of these strategies 
must be deducted from the energy yield of primary metabolism, implicating that the 
upper salinity limit for growth and activity must be lower in organisms that have low 
energy yields (Oren, 2010). Figure 11 depicts the salinity tolerances for the different types 
of metabolisms. Processes such as oxygenic and anoxygenic photosynthesis, aerobic 
respiration and denitrification, that are not energy-limited, may occur at or close to NaCl 
saturation. On the other hand, any methanogenic pathway yields little energy, so these 
microorganisms may have insufficient energy to support growth at high salinities (Figure 
11) (Oren, 2011).  
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In this context, it is clear that methanogenic oil biodegradation is affected by 
salinity accordingly with the pathway utilized. Typically, acetoclastic methanogeneis yields 
less energy and has a relative low upper salinity limit (Oren, 2010). Hydrogenotrophic 
methanogenesis has higher salinity tolerance, however it has never been shown above 
175 gl-1 salt concentration. According to the higher energy yields from sulphate reductions, 
sulphate-reducing microorganisms appear to have higher salinity tolerance.  
Based on the observations of limited cultivation of microorganisms from high 
salinity oil reservoirs (up to 100 gl-1) (Grassia et al., 1996) and oilfield detection of 
hydrogenotrophic methanogenesis at salt concentrations up to 90 gl-1 (Gray et al., 2009), it 
has been assumed that methanogenesis is inhibited in reservoirs with 90 gl-1 in situ salinity. 
However, the methanogen Methanocalculus halotolerans was isolated from an oil well and 
showed growth at salt concentrations up to 120 gl-1 and temperatures up to 45 ºC (Ollivier 
et al., 1998). The fact that the temperature limit of M. halotolerans is lower than the in situ 
temperature has raised the possibility that, at higher temperatures, the salinity tolerance of 
such methanogen might be lower. This is consistent with the previously mentioned 
possible interaction between salinity and temperature, known as paleopickling, that might 
explain why low temperature reservoirs with highly saline formation waters may prevent 
biodegradation (Head et al., 2014). As indicated above, primary alkane fermenters and 
syntrophic acetate oxidizers yield small amounts of energy and have relatively limited 
salinity tolerance. These metabolisms coupled to methanogenesis are the principal 
processes in methanogenic degradation of crude oil alkanes. Altogether, these 
observations suggest that paleopickling may be important for preserving oil in low 
temperature petroleum reservoirs. However, the precise relationship between salinity and 
temperature and in-reservoir oil preservation is currently unknown and, therefore, a 
systematic analysis and calibration against field data from petroleum reservoirs is much 
needed (Head et al., 2014).  
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Figure 11. Approximate upper salt concentration limits for the occurrence of microbial processes. 
Values are based on laboratory studies and pure cultures (solid bars) and in activity measurements 
in the environment (empty bars). Source: (Oren, 2011). 
  
9. Biotechnological applications  
Microbial activities in oil fields can lead to detrimental or beneficial consequences 
for humans and the environment. For instance, the production of hydrogen sulphide by 
sulphate reducing bacteria (SRB) in oil reservoirs can lead to souring and induce 
biocorrosion in oil facilities (Voordouw, 2011). In contrast, the abilities of microorganisms 
to produce biosurfactants, lowering the interfacial tension between oil and water, offer 
potential industrial applications for oil recovery (Youssef et al., 2009).  Hence, microbial 
activities can help minimize the environmental impact of using fossil fuels or improve oil 
recovery in a more sustainable manner (Berdugo-clavijo, 2015).  
The occurrence of anaerobes in petroleum reservoirs has implications for the oil 
industry, since microbial activities might provide some new opportunities in energy 
recovery through biotechnology- facilitated methanogenesis (Mbadinga et al., 2012b). 
Gieg and colleagues (2008) made the calculations based on their experimental data to 
determine how much methane can theoretically be recovered from known domestic U.S. 
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reservoirs and they found that around 16% of the current gas consumption per year in the 
United States could be obtained from marginal wells. In this context, the methanogenic 
degradation in oil reservoirs have opened the way for a subsurface biotechnology to 
enhance the recovery of energy. The in situ microbial transformation of residual oil to 
methane would not only allow the recovery of energy from residual oil in the form of 
methane (typically >50% of oil remains in place after secondary production, whereas 70% 
of gas can be recovered), but also improve oil yield by reducing oil viscosity and 
repressurizing the reservoir with gas (Gray et al., 2009, 2010). Furthermore, the production 
of methane in the subsurface from partially degraded heavy oil would reduce the need for 
energy intensive extraction techniques such as steam injection, which is currently used to 
recover heavily degraded oils (Gray et al., 2010). 
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Experimental procedures  
1. Sampling site 
The main samples, focus of this work were collected in December 2012 in the 
Miranga oilfield (12°20'32"S e 38°11'29"W) located in the Recôncavo Basin in the Northeast 
of Brazil (Figure 1). The logistic for sampling was supported by PETROBRAS R & D and 
PETROBRAS operational unit of Recôncavo basin, in the context of the project: “Estudo 
multidisciplinar de biodegradação –FASE II”. Samples of oil-water fluids were obtained 
directly from the wellheads of two onshore production wells in Miranga oilfield named as 
BA-1 and BA-2. The oil samples (BA-1 well) and oil-water mixture (BA-2 well) were collected 
in sterile Schott bottles, which were filled completely in order to prevent the entry of air. 
Samples were transported at ambient temperature to the laboratory at CPQBA/UNICAMP 
(Campinas, Brazil) for further processing. Depths and temperatures of the wells and other 
geochemical characteristics are described in Table 1. In addition, wells have not undergone 
water flooding.  
 
 
Figure 1. A-B. Sampling site at recôncavo basin (Pojuca) in the northeast of Bahia state (12°20'32"S 
e 38°11'29"W). C-D. Conducting sample collection at the wellhead 
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1.1. Additional sampling 
One additional sample was collected in one offshore exploratory well, located 
above a thick salt layer (post-salt), at Campos Basin in the southeast of Brazil. This sample 
was provided by Petrobras in the framework of the project “Atlantida”, therefore, labelled 
as ATL and was used for the standardization of DNA extraction protocols and to perform 
comparative analysis presented in the chapter 1. The sample from well BA-1 and ATL were 
composed only of oil whereas the sample from well BA-2 consisted of oil/water mixture 
(1:1). Geochemical characteristics of the oil well were it was collected are described in 
Table 1.  
 
Table 1. Geochemical characteristics of the studied oil samples from the Recôncavo and Campos 
Basins 
Basin/Sample Recôncavo/BA-1 Recôncavo/BA-2 Campos/ATL 
Sample type Oil  Mixture oil/water  Oil  
Reservoir depth (m) 454-459 996-1046 3048-3063 
Temperature (oC) 50 60  86 
Salinity (gl-1) 45 62 146 
Biodegradation Degraded Not degraded Not degraded 
 
2. Total Hydrocarbon analysis of the oil samples 
Hydrocarbon analysis for the crude oil samples was carried out in collaboration with 
the professor Anita Marsaioli in the Institute of Chemistry at the University of Campinas. 
The hydrocarbon, aromatic, resin and asphaltene fractions were obtained by silica gel 
column chromatography using hexane, hexane/toluene (1:1) and toluene:methanol (1:1) 
as eluent, respectively. Gas chromatographic (GC) analysis of the saturated hydrocarbon 
fractions was carried out on the hexane fraction. GC was performed on an Agilent 7890A 
gas chromatograph instrument, connected to a Agilent 5975C-MSD mass detector, fitted 
with a HP5-MS coated capilary column (60 m length, 0.25 mm internal diameter, 0.25 µm 
film thickness). Conditions for analysis were as follows: split ratio 10:1, using He as carrier 
gas with a flow of 1 mL min-1 and data acquisition in both SCAN and SIM (Selective ion 
monitoring) modes. The temperature program was 50 °C for 5 min. then 4 °C/min to 300 °C 
for 10 min., with injector temperature set to 310 ºC. 
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3. Total nucleic acid extractions 
Obtaining high quality DNA yields (pureness and high concentration) from crude oil 
samples was one of the major challenges in this work. The high quality DNA is required for 
the subsequent molecular manipulations such as construction of gene libraries and 
especially for the metagenomic approaches using Next Generation Sequencing (NGS). In 
this context, several DNA extraction protocols were tested in order to optimize the DNA 
yields and pureness accordingly with the further purposes of the DNA. 
3.1. Total DNA isolation from crude oil samples for construction of 16S gene 
clone libraries 
For all the crude oil DNA extraction methods tested for construction of gene 
libraries, the starting material was prepared according with the method described in 
(Yamane et al., 2008) with the following modifications. Aliquots 25 mL of the oil were 
vortex-mixed with 25 mL of sterile isooctane (2,2,4- trimethylpentane, Vetec) and 
centrifuged at 8,000 x g and 4 ºC for 20 min. Pellets were suspended in 25 mL of isooctane, 
vortexed and centrifuged again for 30 min, this washed step was repeated three times and 
the resultant pellet was dried in vacuum. The resultant precipitated was used in this form 
or after being subjected to vacuum drying to the methods described bellow.  
3.1.1. DNA extraction using Power Max Soil® DNA isolation kit 
DNA of oil precipitates were extracted using Power Soil Isolation kit (MoBio 
laboratories, Inc) according to manufacturer’s instructions with the following 
modifications. One incubation of 2 hour at the beginning of the protocol using 10 g of oil 
with the beads and power beads solution (provided by the kit) in water bath at 65ºC, 
inverting the tube every 15-20 min followed by another incubation of 1 hour in shaker at 
45 ºC and 150 rpm. After these incubations, the DNA extraction steps were performed as 
described in the protocol. Total DNA eluted from the column (5 ml) was precipitated with 
200 µL of NaCl (5M) and 10,4 ml of cold absolute ethanol at 2500 g for 30 minutes at 4 ºC. 
The supernatant was discarded and the pellet was washed with 70% ethanol, centrifuged 
and suspended in 500 µL MilliQ water.  
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3.1.1.1. DNA extraction using Power Soil® DNA isolation kit  
DNA was extracted from dried samples using PowerSoil® DNA Isolation kit (MoBio 
laboratories, Inc) according to manufacturer’s instructions. 
3.1.1.2. DNA extraction based on SDS-CTAB method 
DNA was extracted using the oil precipitates from section 4.1 following the protocol 
in Zhou et al. (1996) and modifications suggested in Aakvik et al., (2009). 5-10 g of the oil 
precipitates were mixed with 13,5 ml of extraction buffer (100 mM Tris-HCl [pH 8.0], 100 
mM Na2EDTA [pH 8.0], 100 mM Na2HPO4 [pH 8.0]; 1.5M NaCl; 1% CTAB) and 100 µL of 
Proteinase K (10 mg/ml) and incubated in Falcon tubes for 30 minutes at 37 ° C and 125 
rpm. Subsequently, was added 1.5 mL of 20% SDS to each tube and incubated again for 2 
hours at 65 ° C in a water bath, mixing by inversion every 15-20 min. Then the tubes were 
centrifuged at 6,000 g for 10 minutes. The supernatant was transferred to a new tube and 
the pellet was extracted twice with 4.5 ml of extraction buffer and 500 µL SDS 20%, vortex 
for 10 seconds and incubating at 65 ° C for 10 minutes. After incubation, the tubes were 
centrifuged as above. After obtaining the supernatant (from 3 cycles), was added an equal 
volume of chloroform: isoamyl alcohol (24: 1). Phase separation was performed by 
centrifugation at 6,000 g for 10 minutes. The aqueous phase was transferred to a new tube 
and the DNA was precipitated with 0.6 volume of isopropanol and then incubated for 1 
hour at room temperature. The tubes were centrifuged at 10,000 g for 20 minutes and the 
supernatant was discarded. The pellet was washed with 5 mL of 70% ethanol and 
suspended in 500 µL of MilliQ µ water. 
3.1.1.3. DNA extraction based on Freeze-thaw method 
DNA extraction of oil precipitates from ítem 4.1 was performed by the Freeze Thaw 
method described in Amorim et al. (2008). 5-10 g of the oil precipitates were mixed with 50 
ml of PBS buffer + Tween 80 (0.1%) and incubated overnight (16 hours) at 45 ° C in 
horizontal shaker at 180 rpm. Subsequently, were centrifuged at 5000 g for 10 minutes. 
Pellets were washed twice with 1X PBS buffer, centrifuging at 5000 rpm 3 minutes in each 
wash. Two more washes were performed with TE buffer (50 mM Tris, 50 mM EDTA, pH 8.1) 
followed by centrifugation at 5000 rpm 3 min each wash. The pellet was suspended in 3 ml 
of TE buffer + 200 µL of SDS (20%). The samples were frozen in liquid nitrogen for 1 minute 
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and thawed immediately in boiling water bath for 4 minutes. This freeze-thawing step was 
repeated three times. The nucleic acids were extracted twice with one volume of phenol: 
chloroform: isoamyl alcohol (25: 24: 1, v/v) and centrifugation at 5,000 rpm for 3 minutes. 
The aqueous phase of the solution was transferred into microtubes, and the DNA was 
precipitated by adding equal volume of isopropanol and 100 µL of 3M sodium acetate, 
gently mixed and incubated for 2 hours at -20 ° C. The nucleic acids were then pelleted by 
centrifugation at 13,000 rpm for 15 minutes at 4ºC, washed twice with 70% ethanol, dried 
and resuspended in 100 µL of Milli-Q. 
3.2. Total DNA isolation from petroleum fluids for metagenomic analysis 
As shown in Table 1, the BA-2 sample consisted of two phases (oil and water), 
therefore, total DNA for Next Generation Sequencing was obtained from the oil phase of 
the samples BA-1 and BA-2 and from aqueous phase of sample BA-2 (BA-2-W). 
3.2.1. Total DNA extraction from aqueous phase 
The aqueous phase in sample BA-2 was recovered with a sterile pipette totalizing 2 
liters. The total volume of water phase collected was pre-filtered using glass fiber 2.7 µm 
(Millipore) and filtered on 0.45 and 0.22 µm cellulose membrane (Millipore) with a 
peristaltic pump. DNA extractions were performed using the biomass retained on the 
filters 0.45 and 0.22 µm membranes using the Meta-G-NomeTM DNA isolation kit (Epicentre) 
according to the instructions for DNA isolation of water samples. 
3.2.2. Total DNA extractions from oil phase 
DNA from the microbial cells in the oil phase of BA-2 and BA-1 samples were 
recovered using two independent DNA extraction procedures. The first procedure 
consisted in sample preparation as described above (Section 4.1.), subsequently, DNA was 
extracted from each dried sample using Meta-G-NomeTM DNA isolation kit (Epicentre) 
according to manufacturer’s instructions for soil samples. The second procedure was 
based on Korenblum et al. (2012) with several modifications. An aliquot of 800 mL of crude 
oil sample was mixed with an equal volume of sterile Phosphate-buffered saline (PBS) 
solution (per liter, 8 g NaCl, 0.2 g KCl, 0.24 g KH2PO4 and 1.44 g Na2HPO4) containing 0.1 % 
Tween 20 and left overnight at 50 oC. The aqueous phase of the mixtures was recovered, 
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filtered and microbial genomic DNA was extracted as previously described for BA-2 water 
phase (Section 4.2.2). 
3.3. Total nucleic acid isolation from oil degrading anaerobic cultures for 
metagenomic analysis   
Aliquots from active microcosms incubated at Newcastle University (Newcastle, UK) 
(Chapter 3), were taken and sent to our laboratory at DRM/CPQBA/UNICAMP (Paulinia, 
Brazil) for DNA and RNA extractions and further next generation sequencing.  
3.3.1. Total DNA isolation from microcosms cultures 
Two millilitres from the active cultures were collected in 2 ml microtubes at 
Newcastle University, centrifuged to pellet the cells at 13,000 g for 20 minutes, freezed and 
sent to to our lab. DNA was extracted from the pellets for each replicate using 
PowerMicrobiomeTM RNA Isolation kit (MoBio laboratories, Inc.) by omitting the DNAse step 
(steps 12-16 from the protocol) to obtain DNA, following the manufacterer’s instructions. 
3.3.2. RNA isolation from microcosms cultures for metatranscriptomics 
For the isolation of the total RNA, 10 ml of the culture fluid from the active 60 ml 
enrichment cultures were treated with 1 ml (10% of the volume sampled) of homemade 
stop solution (5% trizol + 95% ethanol). Cells were harvested in 2 ml microcentrifuge tubes 
in successive centrifugations at 10000 g for 10 min in order to collect the total volume of 
the mixture in one microcentrifuge tube. The resultant pellet was placed with nitrogen 
liquid and storage at -80ºC until it was sent to Brazil in dry ice in order to prevent the 
unfreezing of the pellets. Total RNA isolation was performed here in Brazil after the arrival 
of the samples and preservation at -80 oC prior the extractions. RNA was extracted using 
PowerMicrobiomeTM RNA Isolation kit (MoBio laboratories, Inc.) following the 
manufacturer’s instructions for each enrichment culture (duplicate). Extracted RNA was 
precipitated from the 100 µL eluted using 3M NaOAc, ethanol and glycogen, dissolved in 7 
µL RNAse free water (Invitrogen). Ribossomal RNA was subtracted from the sample using 
ribo-Zero RNA Magnetic kit (Bacetria) (Epicentre) with the following modifications. 56 µL of 
magnetic beads were washed with 56 µL of water and resuspended in 16 µL of 
resuspensions solution with 0.25 µL RiboGuard RNase Inhibitor. During the rRNA removal, 
7 µL of total DNA was mixed with 1µL Ribo-Zero Reaction buffer and 2 µL RiboZero rRNA 
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Removal solution. Purification of the mRNA was performed following the ethanol 
precipitation instructions of the kit using a final elution volume of 11 µL and quantified 
using Qubit RNA HS Assay (Life Technologies). Thereafter, the purified total mRNA was 
converted into double-stranded complementary DNA (cDNA) by reverse transcription PCR 
using SuperScriptR Double-Stranded cDNA Synthesis kit (Invitrogen) with random primers 
(Invitrogen) with the following modifications. The total purified mRNA was mixed with 30 
ng of the random primers and incubated at 70 ºC for 10 min. The first strand synthesis was 
performed adding 2 µL of the 5x First Strand Reaction Buffer, 0.25 µl DTT (0.1 M), 0.5 µL 
dNTP mix (10mM), 100 U SuperScript II RT to the primed mRNA and incubated at 45 ºC for 
1h. For the second strand synthesis, 15 µL of the 5x Second Strand Reaction Buffer, 1.5 µL 
dNTP mix (10mM), 5 U E. coli DNA polymerase, 5 U E. coli DNA ligase and 1 U E. coli RNase 
H was added to the first-strand reaction tube. The reaction volume was brought to 72 µL 
with DEPC-treated water and incubated for 2h at 16 ºC. Double Stranded cDNA was then 
purified following the manufacturer’s protocol.  
3.4. DNA and RNA quality measurements 
The amount of DNA obtained in each extraction method (sections 4.1 and 4.2) was 
estimated using different techniques available: electrophoresis on 0,8% agarose gel in TBE 
buffer stained with SYBR-SAFE (Life Technologies), NanoDrop 1000 spechtrophotometer 
(Thermo Fischer Scientific) and QuantiFluor® Single-Tube Fluorometers (Promega). The 
total DNA, cDNA and RNAm obtained from the microcosms (Section 4.3) were quantified 
using Qubit dsDNA HS and RNA HS Assay kit (Thermo Fischer Scientific), respectively.   
 
4. 16S gene-based culture independent methods  
4.1. Bacterial and Archaeal 16S rRNA gene amplification 
Bacterial and archaeal 16S rRNA gene fragments were PCR-amplified from the total 
community DNA in the BA-1, BA-2 and ATL oil samples. The primer sets used for the 
amplification of the conserved regions of the 16S rRNA in bacteria and archaea domains 
are described in Table 2.  
 
 
  
 
57 
Table 2. Primer sequences used for the amplification of 16S RNAr gene in bacteria and archaea  
Primers Sequences 5’- 3’ Reference 
10F GAGTTTGATCCTGGCTCAG (Lane, 1991)  
1100R AGGGTTGCGCTCGTTG (Lane, 1991) 
344F ACGGGGYGCAGCAGGCGCGA (Casamayor et al., 2002)  
915R GTGCTCCCCCGCCAATTCCT (Casamayor et al., 2002) 
 
The PCR reactions were carried out in 25 µL of reaction (final volume) containing 5 
µL of template DNA (pure and in serially dilutions: 1:5, 1:10, 1:20), 4 U of Taq DNA 
polymerase (Invitrogen), 0.2 mM dNTP mix (GE Healthcare), 0.5 µM of each primer, 1x Taq 
Buffer (Invitrogen) and 1.5 mM MgCl2 (Invitrogen). Bacterial PCR amplifications were 
performed using 2 min of initial denaturation at 95 ºC, followed by 30 cycles of 1 min at 94 
ºC, 1 min at 55 ºC and 3 min at 72 ºC and a final extension step of 72 ºC for 3 min. Archaeal 
PCR reactions were performed in the following conditions: after 2 min of an initial 
denaturation step at 94 ºC, nucleic acids were amplified for 10 cycles of 30 s at 94 ºC, 30 s at 
65 ºC, 2 min at 72 ºC, followed by 25 cycles of 30 s at 94 ºC, 30 s at 60 ºC and 2 min at 72 ºC, 
and a final extension for 2 min at 72 ºC. PCR reactions were performed in duplicate for each 
of the dilutions described above for the three different samples. Reaction products were 
visualized by gel electrophoresis with 1% agarose gel pre-stained with SYBR-SAFE DNA 
stain (Life Technologies). 
4.2. 16S rRNA gene clone libraries construction 
PCR products from different DNA dilutions in each sample were pooled to minimize 
PCR bias (Polz and Cavanaugh, 1998) and purified using Illustra GFX PCR DNA and Gel 
Band Purification kit (GE Healthcare), according to the manufacturer’s protocol. The 
purified amplicons was ligated into the pGEM®-T cloning vector by incubation of 50 ng 
pGEM®-T vector with the PCR products (insert to vector ratio of 1:3), 5 μl Rapid Ligation 
Buffer and 3 U of T4 DNA ligase for 16 hour at 4ºC as per manufacturer’s instructions 
(Promega). The ligated plasmid was transformed into Escherichia coli JM109 competent 
cells (Promega) by the heat-shock method, according to the manufacturer’s protocol. 
Transformed cells were plated onto LB plates with ampicillin (100 µg/ml), 100 µL of IPTG 
(0.1M) and 20 µL of XGAL (50 mg/ml) and incubated at 37 ºC for 24 hours. Positive clones 
(withe colonies) were spotted off the plate with sterile pipette tips and transferred onto 
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deep well plates with LB + ampicillin (100 µg/ml) and incubated at 37 ºC overnight. 
Aliquots of these cultures were stored at -80 ºC in microplates adding glycerol (10% v/v). 
4.3. 16S rRNA gene clone libraries sequencing 
The 16S rDNA inserts were PCR-amplified from the library of clones with the M13 
forward (5’- CGCCAGGGTTTTCCCAGTCACGAC-3’) and reverse (5’-TTTCACACAGGAAACAGC 
TATGAC-3’) plasmid-specific primers. PCR reactions were performed in a 50 µL reaction 
volume, containing a 1:100 dilution of an overnight clone culture, 0.5 µM of each primer, 
0.2 mM dNTP mix, 2 U Taq DNA polymerase (Invitrogen), 1x Taq buffer and 1.5 mM MgCl2. 
The amplification program for the M13F/M13R primer set consisted of an initial 
denaturation step at 94 ºC for 3 minutes, followed by 40 cycles of 94 ºC/20 seconds, 60 
ºC/20 seconds and 72 ºC/90 seconds and a final extension of 3 minutes at 72 ºC. Reaction 
products were visualized by gel electrophoresis with a 1% agarose gel pre-stained with 
SYBR safe DNA stain (Life Technologies).   
PCR  products were purified using PureLink® Pro 96 PCR Purification kit (Invitrogen). 
The purified DNA was sequenced with automatic sequencing equipment (ABI3500XL 
Series - Applied Biosystems) using the 10F and 1100R primers for bacteria fragments and 
only one primer: 915R for archaea fragments, since the fragment size amplified in archaea 
is smaller than the amplicons in bacteria, so there was no need to sequencing both sides. 
The sequencing reaction was performed by PCR amplification in a final volume of 10 μL 
using 10ng of DNA, 5 pM primer, 1 μL Big Dye Terminators premix and 1,5 μL Sequencing 
Buffer according with Applied Biosystems protocol. After heating to 96°C for 1 min, the 
reaction was cycled as follows: 30 cycles of 15 seconds at 96°C, 15 seconds at 55°C, and 4 
minutes at 60°C (9700 thermal cycler AB). Removal of excess of Big Dye Terminators was 
performed by ethanol precipitation. The samples were dried and dissolved in 10 μL of 
formamide, loaded onto an Applied Biosystems 3500XL sequencer and run for 2 hours.      
4.4. 16S rRNA gene sequence analysis and phylogenetic tree construction 
Bacterial partial 16S rRNA sequences obtained from clones were assembled in a 
contig using phredPhrap/CONSED package (Ewing et al., 1998; Gordon et al., 1998). Good 
quality sequences were checked for putative chimeric sequences using DECIPHER (Wright 
et al., 2012) and non-chimeric sequences were grouped into operational taxonomic units 
(OTUs) at a cutoff of 97% similarity using MOTHUR (Schloss et al., 2009). Rarefaction 
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analysis and estimation of microbial richness and diversity indices using OTU-based 
approaches were calculated in MOTHUR. Phylogenetic assignment of the OTUs was 
determined using the classifier tool of Ribosomal Database Project (RDP) II (Wang et al., 
2007) with a confidence threshold of 80%. RDP Library Compare was used to estimate 
statistical differences in bacterial and archaeal composition between the libraries (P<0.01). 
16S rRNA gene sequences representing each OTU and their closest relatives were selected 
and automatically aligned to SILVA reference alignment using the SINA Webaligner tool 
(Pruesse et al., 2012). The alignment was manually refined in Bioedit and the closest type 
strains in RDP were also added into the alignment. Phylogenetic trees were constructed 
using MEGA software v6.06 (Tamura et al., 2013) with the neighbor-joining method and 
Kimura’s two-parameter model (Kimura, 1980), with bootstrap values calculated from 
1,000 replicate runs.   
Nucleotide sequences from chapter 1 are available at the GenBank database under 
the accession numbers KX348396 - KX348455. 
4.5. Meta-analysis of 16S rRNA gene clone libraries from microbial 
communities of oil reservoirs 
In an effort to investigate microbial communities in petroleum reservoirs at a global 
scale, several studies involving microbial communities from oil and production water fluids 
from petroleum reservoirs worldwide were reviewed in chapter 1. Only studies based on 
16S rRNA gene sequences from clone libraries derived from DNA isolated directly from the 
reservoir fluid were considered. Data on high-throughput sequences, microbial laboratory 
enrichments or isolates were excluded, in order to prevent that either the scarcity of deep 
next generation sequencing studies in oil reservoir samples or the selective enrichment of 
some strains through cultivation techniques contributed to a bias in the analysis. 
Consequently, this analysis covered the microbial composition accomplished with 16S 
rRNA clone libraries here and in previous studies, considering the limitations of the 
technique when compared to new deep sequencing approaches. Bacterial and archaeal 
16S rRNA gene sequences were downloaded from GeneBank, encompassing 10 different 
studies located in California (Orphan et al., 2000), Alaska (Pham et al., 2009), Canada 
(Grabowski et al., 2005; Hubert et al., 2012), Japan (Kobayashi et al., 2012), China (Li et al., 
2007) North Sea (Dahle et al., 2008; Kaster et al., 2009) and Brazil (Silva et al., 2013) and this 
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study). Sequences of each dataset were used to perform multiple sequence alignment 
(CLUSTALW) and further clustering into OTUs using MOTHUR (Schloss et al., 2009). 
Microbial classification of the OTUs was determined using the same parameters described 
above in the RDP Classifier tool (Wang et al., 2007). Data from Kobayashi et al., (2012) were 
separated into two different libraries based on the origin of the clone libraries (oil or water 
clone libraries). Comparative analyses were undertaken using pooled data from both the 
Archaeal and Bacterial domains using Primer-E version 6.1.5 (Clarke, KR, Gorley, 2006). A 
hierarchical cluster analysis of the relative abundance of bacterial and archaeal members 
at the order level was performed based on data from this study and studies detailed above. 
A dendrogram was constructed using a complete linkage clustering algorithm using 
Euclidean similarities calculated on log transformed abundance data performed in Primer-
E. 
 
5. Metagenomics-based culture independent methods 
5.1. Multiple Displacement Amplification (MDA) 
The DNAs extracted by the two methods described in Section 4.2.2 were pooled to 
obtain approx. 20 ng of metagenomic DNA and used as template for Multiple 
Displacement Amplification (MDA) with GenomiPhi V2 DNA amplification kit (GE 
Healthcare). The DNA isolated from the aqueous phase (Section 3.2.1) was also used as a 
template from MDA. Amplifications were carried out according to manufacturer’s 
instructions at 30 ºC during 1.5 h and subsequent inactivation at 65 ºC for 10 min. The 
reactions were performed in triplicate for each sample and monitored using negative 
control tubes without DNA.  The reaction products were visualized on a 1% agarose gel 
stained with SYBR-SAFE. The products from the replicates for each sample were pooled 
and purified using UltraClean GelSpin DNA Extraction kit yielding approx. 13, 1.8 and 2.7 
µg of DNA for BA-1 and BA-2 oil samples and BA-2 water phase, respectively.  
5.2. Bioinformatic analysis  
5.2.1. Sequencing, assembly and annotation of metagenomic data 
Metagenomic shotgun sequencing was performed for the total DNA recovered 
from the petroleum reservoir samples (Section 6.1), being two oil samples (BA-1 and BA-2) 
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and one aqueous phase (BA-2-W). Metagenomic DNA was sequenced using one Illumina 
HiSeq 2500 lane in a 2 x 100 bp paired-end run at the Life Sciences Core Facility (LaCTAD) 
of the University of Campinas (UNICAMP). 
Unassembled reads were uploaded to the Metagenomics Rapid Annotation server, 
MG-RAST (Meyer et al., 2008) for automatic annotation (Metagenome IDs: BA-1 = 
4667157.3, BA-2 = 4666709.3, BA-2Water = 4667158.3). As sequencing datasets were not of 
the same size, a normalization by number of reads was performed, yielding a total of 
24,338,198 reads for each sample which were later submitted to MG-RAST (Metagenome 
IDs: BA-1 = 4690353.3, BA-2 = 4690383.3, BA-2Water = 4690352.3). Overlapping sequence 
pairs were matched and non-overlapping reads were retained for the analysis. Low quality 
reads and artificial replicates were removed using default settings in MG-RAST. In addition, 
total reads were assembled using SPAdes V3.5.0 (Bankevich et al., 2012), following digital 
normalization in Trinity (Grabherr et al., 2011). Assembled contigs were submitted to the 
Integrated Microbial Genomes and Metagenomics (IMG/MER, Markowitz et al., 2014) 
system for annotation (Metagenome IDs: BA-1 = 3300006094, BA-2 = 3300006096, BA-
2Water = 3300006097). The assembly resulted in 141,076, 85,883, 171,338 contigs, totalling 
131, 71 and 134 Mbp, and annotation yielded 253,741, 144,073 and 271,234 coding 
sequences (CDS), for the BA-1, BA-2 and BA-2-W metagenomes, respectively (Table S1). 
Unassembled normalized reads were analysed for MG-RAST taxonomic 
assignments in order to retain the quantitative information of the microbial composition 
using the RefSeq database. Functional assignments were performed using two databases 
(SEED and KEGG) in order to obtain a robust metabolic profile of the metagenomes. Both 
taxonomic and functional profiles were downloaded for statistical analysis in the STAMP 
software (Parks and Beiko, 2010). Two-sided Fisher’s test was used for hypothesis testing.   
5.2.2. Functional gene profiles involved in hydrocarbon degradation 
pathways and syntrophic metabolism 
To assess in more detail the hydrocarbon degradation capabilities of the 
metagenomes, the abundance of genes involved in the aerobic and anaerobic 
hydrocarbon degradation pathways reviewed in Fuchs et al. (2011b) and Rabus et al. 
(2016) were searched into the assembled metagenomes in IMG. The hydrocarbon 
degradation genes were classified based on the classification used by (An, Caffrey, et al., 
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2013; An, Brown, et al., 2013), discriminating whether they were O2-independent 
(anaerobic) or O2-dependent (aerobic) pathways, as well as the stage of the degradation 
pathway, comprising: i) aerobic or anaerobic activation of hydrocarbons, ii) aerobic or 
anaerobic dearomatization for aromatic hydrocarbons and iii) methanogenesis. In 
addition, the presence of a collection of KEGG Orthology (KO) identifiers, previously 
reported as a powerful tool to detect syntrophic potential in metagenomes, was examined 
in the metagenomic assembled datasets on IMG. This collection of KO identifiers was 
postulated as being key to energy transfer reactions (mainly hydrogenases and 
dehydrogenases) in syntrophic co-cultures and proved to be able to distinguish syntrophic 
and non-syntrophic metagenomes (Oberding and Gieg, 2016). For comparison purposes 
between the metagenomes, the total number of KOs detected were summed for each 
category and normalized against the total number of genes detected in each 
metagenome. In addition, the mean numbers of KOs in each syntrophic-associated 
category were examined in an ANOVA analysis in order to test statistical differences 
between the three metagenomes.  
5.2.3. Taxonomic assignment of functional genes 
All protein sequences identified in each functional category of hydrocarbon 
degradation and syntrophism were extracted from IMG and submitted to BLASTp against 
NCBI-NR database (downloaded in 16/07/2016) for taxonomic assignment using LCA 
algorithm in MetaGenome ANalyzer software, MEGAN v6 (Huson et al., 2007) (min support: 
5, min score: 35, top percent:10).  
5.2.4. Binning 
As binning method, the Emergent Self Organizing Maps (ESOM) approach which 
clusters genome fragments into phylogenetic groups based on tetranucleotide frequency 
distributions was used (Ultsch and Mörchen, 2005). Briefly, Scaffolds longer than 30 kb 
from the BA-1 and BA-2 (oil phase) metagenomes (total of 584 and 316, respectively) and 
scaffolds longer than 20-kb from water phase of the oil-well BA-2 (total of 591) were 
collected from IMG. These scaffolds were fragmented into 10-kb (BA-1 and BA-2) and 7-kb 
(BA-2-W) segments and clusteded them using a k-batch training method. Parameters and 
custom Perl scripts are described in Dick et al. (2009). The resulting clusters were manually 
extracted, labeled and colored according to predicted contig taxonomy, which was initially 
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assigned based on the phylogenetic lineage prediction for the scaffolds contained in the 
clusters in IMG. Additional refinement of predicted contig taxonomy was performed based 
on phylogenetic analysis of 16S rRNA sequences.  
 
6. Culture dependent approaches 
In order to study the crude oil degradation potential of Brazilian oils in anaerobic 
conditions, the petroleum samples were sent from Brazil to the Newcastle University 
(Newcastle, UK).  
6.1. Preparation of culture media for the cultivation of anaerobic 
microorganisms  
Techniques for working under anoxic conditions and culture media were followed 
as described in Widdel, (2010). The Brackish medium (Widdel and Bak, 1992) was prepared 
and distributed in individual microcosms bottles using the special vessel: Widdel flask 
(Figure 1). The anoxic medium consisted of carbonate buffered culture medium containing 
sources of nitrogen and phosphorus, vitamins and trace elements, prepared with 
deionized water according to the procedure described by Widdel and Bak (1992) and fully 
described in the Table 3. This culture media has been traditionally used for the growth of 
anaerobic hydrocarbon degraders: sulphate and nitrate-reducing microorganisms, and 
more recently with methanogens (Widdel, 2010).  
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Figure 1. Schematic representation of Widdel flask. 
 
Table 3. Anaerobic Brackish medium composition (Widdel and Bak, 1992) 
Reagent Amount (g) 
NaCl 7 
MgCl2 .6 H2O 1.2 
CaCl2 .2 H2O 0.15 
Na2S04* 4 
NH4Cl 0.25 
KH2PO4 0.2 
KCl 0.5 
distilled H2O to 958.5 ml 
* If fermentative or syntrophic growth with methanogens is tested, sulphate is omitted  
 
Reagents from Table 3 are added to stirring water. In order to avoid the formation 
of precipitates, dry salts should not be mixed before dissolution. The medium was 
autoclaved and when its temperature decreased to approximately 80°C, the headspace of 
the flask was flushed with N2/CO2 at a pressure of 100 mbar for 5 minutes. After flushing, 
the screw caps were tightly closed to produce a slight overpressure and the medium was 
let to cool down. After cooling, the solutions listed in Table 4 were added. Fully description 
of preparation of solutions in Table 4 is detailed in the Annex 1. The pH of the medium was 
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adjusted to 7.0‐7.3 by adding 1M H2SO4 or 1 M Na2CO3 when necessary. The medium 
was distributed in sterile bottles and kept in the dark at RT. 
 
Table 4. Solutions to add to the basal medium 
Brackish medium 958.5 
Non-chelated trace element mixture** 1 
Selenite-tungstate solution** 1 
Vitamin solution*,** 1 
Vitamin B12** 1 
NaHCO3 (1 M)** 30 
Oxygen scavenger (Na2S)** 7.5 
Final volume 1000 
ml 
* Includes Thiamine, ** Preparation explained in Annex 1 
 
6.2. Laboratory anaerobic microcosms experiments  
In order to study anaerobic degradation of crude oil, anaerobic microcosms were 
set up in the methanogenic and sulphate-reduction conditions.  The laboratory 
microcosms were established in glass serum bottles (60 ml capacity) sealed with butyl 
rubber stoppers and aluminium crimps (Sigma-aldrich). Each microcosm consisted of a 
total volume of 30 ml of anaerobic medium, inoculated with 5 g of oil (BA-1) or with 3 g of 
oil (BA-2) and 3 g of production water (BA-2), leaving a headspace volume of 15 ml 
approximately. Additional pair of microcosms (in duplicate) for each oil sample were set 
up, labeled as “enrichment” cultures. These enrichments differ from the above microcosms 
in the volume they were performed. For enrichments, we used 120 ml serum bottles 
comprising 60 ml culture media amended with 20 g of oil BA-1 or BA-2. (Figure 2)  
 
Figure 2. Schematic representation of the anaerobic microcosm (A) and enrichment (B) cultures set 
up to study crude oil biodegradation.  
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In this study, the overall experiment was designed to evaluate the potential and 
effect of temperature and salinity on oil degradation rates using Brazilian petroleum 
reservoir samples as inoculum and substrate source. Therefore, the oil degradation 
experiments were setup using a factorial design to study the combined effect of 
temperature and salinity on oil degradation extent under methanogenic and sulphate-
reducing microcosms. To this end the anaerobic medium was modified with different 
sodium chloride (NaCl) contents to provide a range of distinct salt concentrations, 15 gl-1, 
60 gl-1 and 120 gl-1 (equivalent to 0.25, 1 and 2M, respectively) and each of these salinity 
conditions were further incubated at three different temperatures, 40ºC “in situ” and 70ºC. 
The in situ temperature was 50 ºC and 60 ºC for BA-1 and BA-2, respectively.  Figure 3 
illustrates the general experimental design for oil microcosms. Salinity treatments were 
established based on the approximate upper salt concentration limits for methanogens 
and sulphate reducers microbial activities described in Oren (2011) and the incubation 
temperatures were established considering in situ conditions and setting up higher and 
lower levels. 
 
 
Figure 3. Schematic representation of the experiment design for methanogenic and sulphate-
reducing microcosms. Low salinity (15 gL-1); Medium salinity (60 gL-1); High salinity (120 gL-1); *In 
situ ºC was 50 ºC in BA-1 and 60 ºC in BA-2; ** sulphate reduction condition was established with 
the addition of Na2SO4.    
 
  
 
67 
6.2.1. Methanogenic oil microcosms 
Methanogenic microcosms were prepared using the culture media and procedures 
described in section 7.1. No Na2SO4 was added to the media in order to test methanogenic 
growth. The microcosms were set up in triplicates for each salinity condition and 
temperatature described in Section 7.2. The enrichments comprising 60 ml culture media 
at the lowest salinity (15 gl-1) amended with 20 g of oil were incubated at in situ 
temperatures (50ºC for the BA-1 sample and 60ºC for BA-2 sample).  Killed control 
microcosms were subjected to three cycles of autoclaving.  
6.2.2. Sulphate-reducing oil microcosms  
Sulphate-reducing microcosms were prepared using the same culture media and 
techniques as methanogenic microcosms but with the addition of Na2SO4 (final 
concentration approx. 20mM) to the medium. The same range of salt content and 
incubation temperatures were used in both methanogenic and sulphate reducing 
microcosms. Control microcosms were killed by the addition of Formaldehyde (2% final 
concentration). All microcosms were set up in triplicates. The enrichments containing a 
larger volume of culture media were also set up in duplicate. These enrichments were 
prepared the same as in methanogenic experiments: using the lowest salinity (15gl-1) and 
incubated at the in situ temperature (50ºC for the BA-1 sample and 60ºC for BA-2 sample).  
6.3. Microbial activities in anaerobic cultures  
6.3.1. Methane production in microcosms 
Production of methane in the methanogenic microcosms was monitored by 
analysing headspace gas samples (100 µl), using a helium-flushed, gas-tight, push lock 
syringe (SGE, Australia). Volumes of headspace were always replaced with an equivalent 
volume of nitrogen (100 µl). Methane concentrations were estimated by gas 
chromatography with flame ionization detection (GC-FID) using a Carlo Erba 5160 GC 
fitted with a Chrompak Pora plot Q coated fused silica capillary column (30m × 0.32mm) 
with hydrogen as a carrier gas. The oven (35◦C) and injection port (250◦C) temperatures 
were fixed. Methane concentrations were determined periodically with reference to 
external calibrations with a standard gas. 
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6.3.2. Sulphate reduction in microcosms 
Sulphate consumption in suphate-reducing microcosms was monitored by 
collecting aliquots (200 µl) from microcosms under N2. Samples were analysed on an ion 
chromatography system: Dionex ICS-1000 with an AS40 auto- sampler. The column was an 
IonPac AS14A analytical column with the flow rate set to 1 ml/min. Sulphate 
concentrations were estimated periodically using an standard calibration solution.  
6.4. Total petroleum hydrocarbon analysis 
Hydrocarbon analysis of the Brazilian crude oil samples was carried out at 
Newcastle University. The total hydrocarbon fraction was obtained from crude oils (BA-1 
and BA-2) using the solid phase extraction (SPE) method described by Bennett et al. (1996). 
The total hydrocarbon fraction was separated through a non-endcapped octadecyl (C18) 
silica SPE column into saturated and aromatic fractions. Gas chromatographic (GC) analysis 
of the saturated hydrocarbon fractions was carried out on aliquots dissolved in 
dichloromethane (DCM). GC was performed on a Hewlett Packard 5890 gas 
chromatograph fitted with an HP-5 coated capillary column (30 m length, 0.25 mm i.d., 
0.25 mm film thickness) and a flame ionisation detector. Aliquots (1.0 ml) of the samples in 
DCM were injected into a split/splitless injector (at 280ºC) with an HP7673 autosampler. 
The GC oven temperature was held at 50ºC for 2 min and then increased at 4ºC/ min to 
300ºC where it was held for 20 min. Data acquisition and processing was done using a 
Thermo LabSystems Atlas chromatography data system. Linear alkanes (C12–C34) were 
estimated from GC analysis of the saturated fractions by measuring peak areas relative to 
the peak area of the surrogate standard (squalane) and n-heptadecyl- cyclohexane (ICN 
Biomedicals Inc., Ohio, USA). 
6.5. Microbial cell visulization by SYBR gold nucleic acid staining and 
epifluorescence microscopy  
Cell microbial enrichment in Brazilian oil microcosms (aqueous phase) was checked 
after methane had accumulated in the methanogenic microcosms. Liquid samples (1 ml) 
were removed from the enrichment cultures using a nitrogen-flushed, sterile, 1 ml syringe. 
SYBR-gold (Invitrogen, Paisley, UK, diluted 100X in filter sterile PBS) was added (50 µl) to 1 
ml samples and incubated in the dark, 30 min. Samples were used neat (without dilution). 
After incubation, cells were vacuum filtered onto polycarbonate membrane filters (Isopore, 
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13 mm, 0.2 lm pore size, Millipore, Watford, UK), washed in PBS (1x) and covered with a 
cover slip on a standard microscope slide. Cells were viewed under oil immersion (100x) on 
an epifluorescence microscope under a blue light filter.   
6.6. Microbial community analysis of oil degrading anaerobic cultures  
Two millilitres of each replicate of the active microcosms and enrichment cultures 
were collected and processed for total DNA extraction as explained in section 4.3. This 
DNA was used directly for Illumina sequencing no HiSeq 2500 (paired-end 2x100 bp) using 
the kit for low input DNA, Nextera XT. Ten millilitres of the active enrichments were 
collected and submitted to total RNA isolation, ribossomal RNA substraction and synthesis 
of cDNA double strand from the purified mRNA as described in Section 4.3.2. Double-
stranded cDNA obtained was submitted directly for library construction with Nextera XT 
for sequencing in Illumina HiSeq 2500 (paired-end 2x100 bp) in the same lane as DNA 
samples but filling 20% of the lane with cDNA and the rest of the lane with the DNA 
samples. 
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1. Introduction 
In the last few decades, culture-dependent and independent approaches have 
been widely used to describe populations of microorganisms inhabiting oil reservoirs. A 
large inventory of microorganisms detected in oil reservoirs has been reviewed elsewhere 
in Magot et al. (2000) and Youssef et al. (2009) and includes several physiological groups, 
such as fermentative, sulfate-, sulfur, iron-, and manganese-reducing microorganisms, 
acetogens, and methanogens growing at either mesophilic or thermophilic temperatures.  
Physicochemical conditions may vary greatly across petroleum reservoirs and are 
thought to influence microbial community composition. Temperature has been 
considered the most important factor controlling microbial growth in oil reservoirs, and 
the presence of indigenous bacteria has been suggested to be limited to temperatures 
between 80 and 90 °C (Magot et al., 2000). Salinity, pH and nutrient availability can also 
play important roles for the types of bacteria and metabolic activities in oil field 
environments (Magot et al., 2000; Youssef et al., 2009) as they are known to do in all 
environments. Therefore, it is expected that the environmental variations may promote 
substantial differences in microbial communities among oil reservoirs. However, most 
studies on microbial diversity of oil reservoirs have explored one or, in the best scenario, 
three oil wells in the same region and only a few comparisons have been made of 
microbial communities among reservoirs (Li et al., 2012). Consequently, there is a gap in 
our knowledge of how microbial communities can differ among reservoirs and whether 
such variation correlates with environmental conditions or, alternatively, with 
geographical distance.  
In this chapter, the characterization of the microbiota in the oil reservoir samples 
collected in Miranga and Campos through 16S rRNA gene clone libraries is presented. In 
addition, the microbial diversity obtained in this study was compared to the microbial taxa 
detected in several other oil reservoirs worldwide. The hypotheses that guided this work 
were: i) Environmental parameters influence the microbial community structure in deep 
subsurface petroleum reservoirs, i.e. reservoirs with similar characteristics harbour more 
similar communities; ii) Reservoirs located closer together harbour more similar 
communities, i.e. geographic distance plays a deterministic role in shaping microbial 
communities in oil reservoirs; iii) There is a core microbiome underlying ecosystem 
functioning in oil reservoirs.  
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2. Results 
2.1. Hydrocarbon analysis of crude oil samples 
BA-1 sample showed evidence of oil degradation and samples BA-2 and ATL 
corresponded to non-degraded oils. BA-1 sample had a prominent UCM (unresolved 
complex mixture), relatively low proportion of n-alkanes in relation to iso- and 
cycloalkanes and presence of C30 17α 21β (H)-hopane and C29 17α(H)-25-norhopane (Fig. 
1a). In addition, saturated hydrocarbons in BA-1 were less abundant and the API gravity 
was substantially lower than the sample BA-2 (Table 1). Such characteristics can be related 
to a biodegradation level between 4-5 in the Peters & Moldowan biodegradation scale 
(Peters and Moldowan, 1993). The sample BA-2 showed no evidence of UCM, high 
percentage of n-alkanes with a typical smooth profile in the distribution and relatively high 
API degree (Fig. 1b and Table 1). These geochemical characteristics are distinct features of 
preserved Recôncavo oils (Gaglianone and Trindade, 1988).  The sample ATL also showed 
no evidence of biodegradation as indicated by the flat baseline in the GC trace and the 
presence of a wide range of n-alkanes (Fig. 1c). Although Recôncavo and Campos oil 
samples used in this study are of lacustrine origin, each one has geochemical differences 
inherited from specific organic matter preserved under dissimilar conditions: fresh water 
lakes in Recôncavo Basin, and saline to hypersaline alkaline lakes in Campos Basin (Mello et 
al., 1988; Mello and Maxwell, 1990; Trindade et al., 1995). Such source diversity in both 
basins can explain the differences between the abundance of saturated hydrocarbons and 
API degrees found in preserved oils from the Campos and Recôncavo basins (de Aguiar 
and Penteado, 2005). The substantial difference between d13C of Recôncavo and Campos 
oils corroborates the dissimilarity of organic matter types (source and paleoenvironmental 
variations) in both basins (Fig. 1 and Table 1).  For more details on the petroleum systems 
that host the studied oils see Mello et al. (1994) and Figueiredo et al. (1994).  
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Figure 1. Total ion chromatograms (TIC) of hydrocarbon fractions from oil samples BA-1 (a), BA-2 
(b) collected in two wells from the same field within the Recôncavo Basin and one oil simple ATL (c) 
from a well in the offshore Campos Basin. Ho = C30 17α,21β(H)-hopane; 25-NH = C29 17α(H)-25-
norhopane; Pr = pristane; Ph = phytane. 
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Table 1 – Geochemical characteristics of the studied oil samples from the Recôncavo and Campos 
Basins 
Basin/Sample Recôncavo/BA-1 Recôncavo/BA-2 Campos/ATL 
Reservoir depth 
(m) 
454-459 996-1046 3048-3063 
Temperature (oC) 50 60  86 
Salinity (gL-1) 45 62 146 
UCM Yes No No 
Saturated 
Hydrocarbons % 
53.3 81.6 36.8 
o API 21 39 24 
Pr/nC17 n.d. 0.18 0.64 
Ph/nC18 n.d. 0.11 0.49 
d13CPDB ‰ -29.76 -29.71 -24.52 
UCM – unresolved complex mixture, Pr – pristine, Ph – phytane 
2.2. Microbial diversity in Brazilian oil samples 
The microbial community composition of the biodegraded (BA-1) and non-
biodegraded (BA-2 and ATL) oil samples was examined by the analysis of bacterial and 
archaeal 16S rRNA gene libraries. In total, six 16S rRNA clone libraries were constructed 
from the isolated DNA of the three petroleum samples: three archaeal clone libraries 
containing 132, 110 and 94 high quality 16S rRNA gene sequences (approx. 300 bp) for the 
BA-1, BA-2 and ATL samples respectively, and three bacterial clone libraries containing 116, 
112 and 53 high quality sequences (approx. 600 bp) for the BA-1, BA-2 and ATL samples 
respectively (Table 2). Diversity analysis showed that 4 to 9 OTUs were identified in the 
archaeal libraries and 10 to 21 OTUs in the bacterial libraries (Table 2). Coverage values 
ranged between 92-99%, indicating that most of the prokaryotic diversity present in the 
samples was detected. Rarefaction curves of most libraries tended to approach the 
saturation plateau, except for the ATL and BA-1 bacterial libraries for which additional 
clone sequencing effort is needed to cover total diversity (Figure 2). 
Total diversity in the three bacterial libraries encompassed 42 OTUs covering 10 
different phyla: Thermotogae, Firmicutes, Deferribacteres, Proteobacteria, Synergistetes, 
Bacteroidetes, Actinobacteria, Chloroflexi, Chlorobi and TM7, in addition to several 
phylotypes of unknown affiliation (Figure 3A). The distribution of the bacterial classes 
within these phyla are shown in Figure 3B. Archaeal clones from the libraries represented 
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in total, 21 OTUs distributed among 4 taxonomic classes within the phylum Euryarchaeota 
(Figure 3C). 
 
Table 2. 16S rRNA gene libraries obtained from DNA extracted from the oil samples. 
Library Species Sequences OTUs Coveragea Diversityb Richness 
estimatec 
BA-1 Archaea 132 4 0.99  0.82 4 
Bacteria 116 21 0.92 2.14 29 
BA-2 Archaea 110 9 0.97 1.77 11.5 
Bacteria 112 11 0.96 1.26 13.5 
ATL Archaea 94 8 0.98  1.44 8.5 
Bacteria 53 10 0.93 0.67 12 
a The coverage calculation is based on the Good's coverage concept. The Good’s coverage was 
determined using the equation Cx = 1 - Nx/n, where C is the Good’s coverage, Nx is the number of 
unique sequences in the sample and n is the number of total sequences in the sample.  
b Estimmated by Shannon index 
c Estimmated by Chao 1 estimmator 
 
Figure 2. Rarefaction analysis of 16S rRNA gene sequences for Archaea: BA-1-A, BA-2-A, ATL-A and 
Bacteria: BA-1 –B, BA-2-B and ATL-B clone libraries derived from Brazilian oil samples BA-1, BA-2 
and ATL.  
 
0	
5	
10	
15	
20	
25	
0	 20	 40	 60	 80	 100	 120	 140	
O
TU
s	
Number	of	posiTve	clones	
BA-1-A	
BA-1-B	
BA-2-A	
BA-2-B	
ATL-A	
ATL-B	
  
 
81 
 
 
 
Figure 3. Relative abundance of (A) bacterial phyla, (B) bacterial classes and (C) archaeal classes 
detected in 16S rRNA clone libraries from oil Brazilian samples. 
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2.3. Phylogenetic analysis 
All bacterial (42) and archaeal (21) representative phylotypes obtained from the 
libraries and their closest related sequences were used for phylogenetic analyses (Figures 
4-6). Most of the closest relatives found in the databases corresponded to isolates or 
environmental clone sequences from oil- associated environments. Bacterial clades with a 
larger number of clone sequences were divided into three distinct trees, Proteobacteria 
(Figure 4A), Firmicutes / Actinobacteria (Figure 4B) and the remaining phyla (Figure 5).  
Within the Proteobacteria phylum (Figure 4A), most of the sequences (130/148 
sequences distributed in 6 OTUs) were affiliated with Gammaproteobacteria class, where 
numerous sequences (88 distributed in three OTUs, BA2_OTU4, BA2_OTU11 and 
ATL_OTU10) were grouped into a separate cluster closely related (99%) to sequences of 
Marinobacter sp. derived from microbial communities of oilfields in China (Tang et al., 
2012), to Marinobacter-type microorganisms isolated from an oil-polluted saline soil in a 
Chinese oilfield (M. guadaonensis) (Gu et al., 2007) and to one halophilic isolate from 
benthic sediment of the South China Sea (M. segnicrescens) (Guo et al., 2007). Sequences 
associated with Marinobacterium sp. (41 sequences) shared 99% identity with 
environmental sequences from a non-flooded, high temperature petroleum reservoir in 
Japan (Kobayashi, Endo, et al., 2012). The remaining Proteobacteria sequences were 
affiliated with the Betaproteobacteria, Alphaproteobacteria and Deltaproteobacteria 
classes and were phylogenetically most closely related to sequences derived from 
seawater (Yin et al., 2013), anaerobic digesters (Riviere et al., 2009) and from an alkaliphilic 
isolate from a Soda Lake (Zavarzina et al., 2006), respectively. 
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Figure 4. Phylogenetic analysis based on partial 16S rRNA sequences from BA-1, BA-2 and ATL 
libraries of organisms within the Proteobacteria lineage (A) and Firmicutes and Actinobacteria 
phyla (B). Number of clones representing each OTU/numbers of total clones in the BA-1 (orange), 
BA-2 (green) and ATL (blue) libraries, respectively, are shown in parenthesis. Bootstrap values 
(n=1,000 replicate runs, shown as %) greater tan 70% are listed. Genebank accession numbers are 
listed after species names. Geoglobus acetivorans strain SBH6 was used as outgroup.  
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Phylogenetic analyses of the Firmicutes and Actinobacteria phylotypes (Figure 4B) 
showed a close relatedness to organisms with interesting metabolic abilities, such as 
BA2_OTU5 and BA2_OTU7 which were 99% and 98% similar to an halophilic strain of 
Halanaerobium sp. isolated from hypersaline sediments in Utah (Kjeldsen et al., 2007). Also, 
phylotypes ATL_OTU3 and BA2_OTU2 showed the highest 16S rRNA identity (93%) with 
the thiosulfate reducer type strain Dethiosulfatibacter aminovorans, isolated from marine 
sediments (Takii et al., 2007). Phylotype ATL_OTU2 showed 99% similarity with a 
Syntrophomonadaceae bacterial clone from enrichments of formation water samples 
associated with the complete metabolism of hydrocarbons to methane in an oil reservoir 
(Kobayashi, Kawaguchi, et al., 2012) and showed 91% similarity to the thermophilic type 
strain Thermosynthropa tengcongensis, with a proven long-chain fatty acid syntrophic 
degradation ability (Zhang, Liu, et al., 2012).   
Figure 5 shows the phylogenetic relationships among the remaining bacterial 
OTUs, which were distributed in 7 phyla. The largest number of sequences in this 
phylogenetic tree (59/92) grouped into two OTUs (BA1_OTU19 and BA2_OTU3) classified 
as Deferribacteraceae according to Silva database, and showed the highest similarities (> 
85%) with 16S rRNA sequences from published studies of microbial communities in 
contaminated sediments after the Prestige oil spill (Acosta-González et al., 2013) and in oil 
reservoirs in Denmark (Gittel et al., 2012). The closest type organism for these sequences 
was the thermophilic nitrate-reducing strain Calditerrivibrio nitroreducens, isolated from a 
hot spring in Japan (Iino et al., 2008). Other sequences were associated with 
representatives of the Thermotogae phylum, which are thermophilic anaerobic 
microorganisms from oil reservoirs, such as BA1_OTU21 which showed 99% similarity with 
Petrotoga halophila from an offshore reservoir in Congo, Africa (Miranda-Tello et al., 2007), 
and the phylotype BA2_OTU1 which showed 98% similarity with Thermosipho geolei from a 
thermophilic onshore reservoir in Siberia (L’Haridon et al., 2001a).  
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Figure 5. Phylogenetic analysis based on partial 16S rRNA sequences from BA-1, BA-2 and ATL 
libraries depicting members of phyla Bacteroidetes, TM7, Chloroflexi, Deferribacteres, Chlorobi, 
Synergistetes and Thermotogae and their related species. Number of clones representing each 
OTU/number of total clones in the BA-1 (orange), BA-2 (Green) and ATL (blue) libraries, 
respectively, are shown in parenthesis. Bootstrap values (n=1,000 replicate runs, shown as %) 
greater tan 70% are listed. Genebank accession numbers are listed after species names. Geoglobus 
acetivorans strain SBH6 was used as outgroup. 
 
Archaeal libraries contained, in total, 21 unique phylotypes. Methanomicrobia 
contained the largest number of sequences (204/336) (Figure 7), which were closely 
related to sequences from the Niibori oilfield in Japan (Kobayashi, Endo, et al., 2012) and 
methanogenic alkane-degrading enrichments from an oily sludge (Cheng et al., 2014). 
Thermoplasmata sequences were related to uncultivated community members found in a 
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methanogenic enrichment from the formation water of a petroleum reservoir in Russia 
(Nazina et al., 2013). Methanobacteria phylotypes were most closely related with 
sequences classified as either Methanothermobacter or Methanobacterium spp. and with 
uncultivated microorganisms from production waters (Cheng et al., 2011).  
Figure 6.  Phylogenetic analysis of partial archaeal 16S rRNA sequences from BA-1, BA-2 
and ATL libraries. Number of clones representing each OTU/number of total clones in the 
BA-1 (orange), BA-2 (green) and ATL (blue) libraries, respectively, are shown in parenthesis. 
Bootstrap values (n=1,000 replicates, shown as %) greater tan 70% are listed. Genebank 
accesion numbers are listed after species names. Pseudomonas aeruginosa DSM 50071T 
was used as outgroup. 
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2.4. Comparison of the bacterial community compositions in the Brazilian 
oil samples  
The BA-1 sample showed the most diverse and rich bacterial community when 
compared with BA-2 and ATL 16S rRNA bacterial libraries (Tables 3, Figure 3). As detailed 
before (Table 3, Figure 5), the majority of the 16S bacterial sequences in the BA-1 sample 
(50%) grouped in a single OTU (BA1_OTU19) classified as Deferribacteraceae. The second 
most abundant taxon at phylum level in BA-1 sample was Firmicutes (14%), with Bacillus 
and Tumebacillus as the most representative genera, followed by the phylum 
Thermotogae (12%), represented by the genera Kosmotoga and Petrotoga (Table 3). The 
Proteobacteria was the fourth most abundant phylum identified (10%) and encompassed 
the classes Alphaproteobacteria (3%), Betaproteobacteria (3%), Deltaproteobacteria (3%) 
and Gammaproteobacteria (1%). A minor proportion of the clone sequences belonged to 
the phyla Actinobacteria (6%), Bacteroidetes (3%), Chloroflexi (3%), Chlorobi (1%) and TM7 
(1%) (Figure 3A, Table 3).  
The bacterial composition of the non degraded samples BA-2 and ATL was very 
similar to each other (Figure 3, Table 3) and did not show significant differences using the 
RDP library compare tool (P>0.01). Sequences in samples BA-2 and ATL were 
predominantly related to the phylum Proteobacteria, represented only by the classes 
Gammaproteobacteria (largest proportion, 86% and 80% in BA-2 and ATL, respectively) 
and Deltaproteobacteria (minor proportion) (Figure 3, Table 3). The second most abundant 
phylum for both samples BA-2 and ATL was Firmicutes (4% and 9%, respectively). Other 
less numerous phyla detected in the BA-2 sample were Thermotogae (1%), Deferribacteres 
(2%) and Synergistetes (2%), and in the ATL sample were Bacteroidetes (2%) and 
Chloroflexi (2%).  
Significant differences were found between the biodegraded and the non-
degraded samples, namely, between BA-1 and BA-2 and between BA-1 and ATL bacterial 
libraries. The Gammaproteobacteria class was the most differentially represented group, 
with the genera Marinobacter and Marinobacterium present only in the BA-2 and ATL 
libraries (Table 3, Figure 4A). On the other hand, other taxonomic groups were significantly 
and uniquely represented in the sample BA-1, namely, the phylum Deferribacteres and the 
taxonomical classes Bacilli and Thermotogae, specifically the genera Bacillus and Petrotoga, 
respectively (Table 3).  
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2.5. Archaeal community composition in the Brazilian oil samples 
The majority of sequences (57%, 29% and 50%) in all libraries (BA1, BA2, ATL, 
respectively) could not be classified bellow Methanomicrobia class (Table 3) and they 
formed a separate clustering from their closest type organisms (Figure 6), suggesting that 
these sequences could belong to phylotypes not described so far. Phylogenetic analysis of 
these sequences showed close relationships to reported Methanocellales-type organisms 
(Figure 6). Nonetheless, 47% and 26% of sequences in BA-2 and ATL archaeal libraries, 
respectively, showed high similarity levels (100 – 98%) at the genus level with sequences 
reported in RDP as Methanosaeta, Methanocalculus, Methanothermobacter, 
Methanobacterium and Methanotermococcus (Table 3, Figure 6).  
In contrast to the most diverse and rich bacterial community, the BA-1 sample 
showed the least diverse and rich archaeal community when compared with the BA-2 and 
ATL samples (Tables 3, Figure 3). Furthermore, no archaeal phylotype in the BA-1 sample 
could be classified below the class level. The richest and most diverse archaeal 
composition was found in the BA-2 sample. But, similar to the bacterial compositions, 
archaeal compositions were more similar between the non-degraded samples BA-2 and 
ATL (Table 3). Methanobacteria (class) and Methanosaeta (genus) were the two taxonomic 
groups significantly represented in BA-2 and ATL archaeal libraries, but these sequence 
types were not identified in BA-1 archaeal library.  
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Table 2. Taxonomic classification and relative abundance of bacterial and archaeal 16S rRNA gene sequences in the clone libraries. 
Domain Phylum/Class Genus BA-1 
 
BA-2 
 
ATL Related isolation or detection in oil 
reservoirs (Reference) 
Bacteria Protebacteria/Gammaproteobacteria Halomonas 0,01 - - Brazil (Vasconcellos et al., 2009) 
Proteobacteria/Gammaproteobacteria Marinobacter - 0,58 0,61 Detected in oil reservoirs in Brazil (Sette et al., 
2007; Lopes-oliveira et al., 2012) Malaysia (Li et al., 
2012) and China (Tang et al., 2012) 
Proteobacteria/Gammaproteobacteria Marinobacterium - 0,28 0,19 Oil reservoir in Japan (Kobayashi, Endo, et al., 
2012) 
Proteobacteria/Alphaproteobacteria Paracoccus 0,03 - - Oil polluted soils in Greece  (Zhang et al., 2004) 
Proteobacteria/Alphaproteobacteria Achromobacter 0,02 - - Brazil (Sette et al., 2007) 
Unclassified Alphaproteobacteria  0,01 - -  
Proteobacteria/Betaproteobacteria Tepidiphilus 0,01 - - Aerobic enrichments from Dagang oil field, China 
(Shestakova et al., 2011) 
Proteobacteria/Deltaproteobacteria Geoalkalibacter - 0,05 0,04 Isolated from oilfield in USA (Greene et al., 2009) 
Unclassified Deltaproteobacteria  0,04 - -  
Bacteroidetes/Flavobacteria Salegentibacter 0,01 - - The phylum Bacteroidetes  is reported in oil 
reservoirs in the North Sea (Dahle et al., 2008; 
Kaster et al., 2009); Canada (Grabowski et al., 
2005) and Alaska (Pham et al., 2009)  
Bacteroidetes/Flavobacteria Wautersiella 0,02 - - 
Bacteroidetes/Sphingobacteria Pedobacter - - 0,01 
Chlorobi/Ignavibacterium Ignavibacterium 0,01 - - Not detected in oil reservoir but linked to 
metabolism of aromatics (van Beilen and Funhoff, 
2007) 
Firmicutes/Bacilli Tumebacillus 0,02 - -  
Firmicutes/Bacilli Bacillus 0,08 - 0,04 Oil reservoirs in China (Nazina et al., 2001) North 
Sea (Kaster et al., 2009), Asia (Yamane et al., 2008),  
in Brazil (Vasconcellos et al., 2009; Korenblum et 
al., 2012; Silva et al., 2013) 
Firmicutes/Clostridia Halanaerobium - 0,03 - Oil reservoirs in the North Sea (Dahle et al., 2008), 
China (Zhang, She, et al., 2012) and Brazil (Sette et 
al., 2007) 
Unclassified Clostridia  - 0,02 0,06  
Unclassified Firmicutes  0,03 - -  
Actinobacteria/Actinobacteria Propionibacterium 0,05 - - Brazil (Silva et al., 2013); Japan Yoshida et al., 
2005). 
  
 
90 
Actinobacteria/Actinobacteria Rubrobacter 0,01 - - Brazil (Silva et al., 2013). 
Thermotogae/Thermotogae Kosmotoga 0,04 - - Isolated from North Sea oil reservoir (DiPippo et 
al., 2009) 
Thermotogae/Thermotogae Petrotoga 0,08 - - Oil reservoirs in Mexico and Congo (Miranda-
Tello et al., 2004, 2007) 
Thermotogae/Thermotogae Thermosipho - 0,01 - Isolated from oil reservoir in Russia (L’Haridon et 
al., 2001b) 
Chloroflexi/ Anaerolineae  0,03 - 0,,2 Oil reservoir in China (Gao et al., 2015) 
TM7/Unclassified TM7_genera_incertae  0,01 - - Not detected in oil resrvoir but linked to 
metabolism of aromatics (Jeon and Madsen, 
2012). 
Deferribacteres/Deferribacteres Flexistipes - 0,02 - Oil reservoirs in China (Zhang, She, et al., 2012) 
and Malaysia (Li et al., 2012) 
Unclassified Deferribacteres  0,5 - -  
Synergistetes/Synergistia Thermovirga - 0,02 - Isolated from oil reservoir in the North Sea (Dahle 
and Birkeland, 2006) 
Unclassified Bacteria  - - 0,04  
Archaea Euryarchaeota / Methanomicrobia Methanocalculus - - 0,03 Oil reservoirs in Canada (Grabowski et al., 2005) 
Euryarchaeota / Methanomicrobia Methanosaeta - 0,24 0,21 Oil reservoirs in Canada (Grabowski et al., 2005), 
North Sea (Kaster et al., 2009) 
Unclassified Methanomicrobia  0,57 0,29 0,5  
Euryarchaeota / Methanococci Methanothermococcus - 0,01 - Oil reservoirs in Canada (Grabowski et al., 2005) 
and Malaysia (Li et al., 2012) 
Euryarchaeota / Methanobacteria Methanothermobacter - 0,2 0,02 Isolated from oil reservoir in China (Cheng et al., 
2011) 
Euryarchaeota / Methanobacteria Methanobacterium - 0,02 - Oil reservoir in Canada (Grabowski et al., 2005) 
Unclassified Methanobacteria  - 0,19 0,23  
Euryarchaeota / Thermoplasmata   0,43 0,05 - Oil reservoir in Japan (Kobayashi, Endo, et al., 
2012) 
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2.6. Comparative analysis of prokaryotic communities from Brazilian and 
worldwide oil reservoirs 
In order to gain a holistic view of the microbial communities across oil reservoirs 
worldwide, the microbial diversity found in this study was compared to those reported in 
other studies (Table 4). In this sense, the relative abundances of phylotypes (order level) 
obtained from 16S rRNA clone libraries from nine published studies were analysed and 
compared to the data described herein. In total, the analysis considered over 5,100 16S 
rRNA gene sequences (approx. 2,900 bacterial and 2,200 archaeal sequences), which were 
re-classified at the order phylogenetic level on RDP. 
Figure 7 shows the results for the hierarchical clustering of the relative abundance 
data collected in the present work and published studies, encompassing 14 different oil 
reservoirs. An apparent clustering of two main groups was observed, the first group 
embracing relatively low temperature and mesophilic reservoirs up to 1,000 m deep and 
the second group encompassing high temperature and deeper reservoirs. A closer look at 
the cluster analysis showed that the most similar communities were found when 
comparing the Kobayashi water and oil components, as might be expected, since these are 
two different phases of the same sample (oil and water). However, the Brazilian samples 
BA-1 and BA-2 collected at Recôncavo basin (two different wells) did not cluster together. 
Contrarily, the microbial community in BA-1 oil was more similar to the one found in the 
PTS1 sample, collected in Potiguar Basin (Silva et al., 2013), and the BA-2 sample clustered 
with the ATL sample, corroborating the results already showed in this study. It is 
interesting to note here that BA-1 and PTS1 samples were obtained from similar in situ 
temperatures (50 and 48ºC, respectively) and depths (less than 1,000 m), whereas the BA-2 
and ATL samples were obtained from higher temperatures and depths.  
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Table 4. General features of the studies examined in the meta-analysis for microbial 
communities in petroleum reservoir fluids   
Reference Location Sample type Bacterial 
richness 
(# OTUs) 
Archaeal 
richness 
(# OTUs) 
T 
(oC) 
Depth 
(m) 
Degradation 
level 
Silva et al., 
2012 
Potiguar 
Basin, Brazil 
Oil (GMR 
well) 
46 2 42 535-
540	
Moderately 
degraded 
Silva et al., 
2012 
Potiguar 
Basin, Brazil 
Oil (PTS1 
well) 
37 0 48 801-
803	
Non degraded 
Orphan et 
al., 2000 
California Production 
water 
26	 8	 70	 1700	 No 
information 
Hubert et 
al., 2012 
North of 
Alberta, 
Canada 
Production 
water 
4	 7	 10	 70-100	 Degraded 
Grabowski 
et al., 2005 
Western 
Canada, 
sedimentary 
basin 
Production 
water 
45	 10	 20	 400	 Degraded 
Kaster et al., 
2009 
North sea Production 
water 
31	 8	 130	 3170	 No 
information 
Dahle et al., 
2008 
North sea Production 
water 
31	 5	 70	 1500-
1600	
No 
information 
Kobayashi 
et al., 2012 
North east 
island of 
Japan 
Production 
wáter 
23	 9	 55	 1000-
1100	
Degraded –
Early state 
Kobayashi 
et al., 2012 
North east 
island of 
Japan 
Oil  35	 14	 55	 1000-
1100	
Degraded –
Early state 
Li et al., 
2007 
China Production 
water 
22	 8	 65	 1100-
1300	
No 
information 
Pham et al., 
2009 
Alaska Production 
wáter 
61	 12	 27	 1000	 Degraded 
This study Reconcavo 
Basin, Brazil 
BA-1 Oil 21	 4	 50	 452-
459	
Degraded 
This study Reconcavo 
Basin, Brazil 
BA-2 Oil 11	 9	 60	 996-
1046	
Non degraded 
This study Campos Basin, 
Brazil 
ATL Oil 10	 8	 86	 3000	 Non degraded	
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Figure 7.  Dendrogram for hierarchical clustering of worldwide studies based on complete linkage 
of Euclidean similarities calculated on log transformed abundance data. 
 
A similarity percentage (SIMPER) analysis was used to determine which taxa 
contributed most to the differences observed along the clustering. Members of the orders 
Campylobacterales, Methanomicrobiales and Methanosarcinales altogether accounted for 
50% of the differences across the studies, followed by the bacterial orders Clostridiales, 
Desulfuromonadales and Thermotogales.    
A Venn diagram was constructed to demonstrate the taxonomic classes shared by 
different geographic regions in an attempt to determine the existence of a core 
microbiome inhabiting oil reservoirs worldwide (Figure 8). This analysis showed that no 
bacterial class was endemic to one single area, whereas one archaeal class corresponding 
to Thermoprotei was only detected in Niibori oil field, Japan (Kobayashi, Endo, et al., 2012). 
On the other hand, three microbial groups were found to be common among all 
reservoirs, namely, the Gammaproteobacteria, Clostridia and Bacteroidia. Within the 
Gammaproteobacteria class, the order Alteromonadales was predominant in all sites and 
Oceanospiralles and Pseudomonadales were present in at least four of the six geographical 
regions. Dominant taxonomic orders within Clostridia and Bacteroidia were the 
Clostridiales and Bacteroidales, respectively.  
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Figure 8. Venn diagram of shared communities at class level across different sites. Numbers in the 
Venn figure represent the number of taxonomical classes shared between the studies. Brazil 
included data from Silva et al. (2012) and from this study, North Sea included data from Dahle et al. 
(2008) and Kaster et al. (2009), North Ameri (North America) included data from Orphan et al. 
(2000), and Pham et al. (2009) and Japan account for data in Kobayashi et al. (2012). Bottom figure 
Size of each list represents the total number of taxonomical classes in each region. This figure was 
created with jvenn (Bardou et al., 2014).  
 
3. Discussion  
The present work focused on the evaluation of the distribution of bacteria and 
archaea in petroleum reservoirs worldwide, aiming to investigate the influence of key 
environmental factors in shaping the composition and structure of microbial communities 
in these environments. For this purpose, microbial communities in crude oil samples from 
petroleum reservoirs in the Northeast (BA-1 and BA-2) and Southeast (ATL) of Brazil were 
investigated through the analysis of 16S rRNA clone libraries and compared with microbial 
communities from similar culture-independent surveys in oil reservoirs worldwide.  
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3.1. Microbial diversity and metabolisms prevailing in Brazilian oil samples  
The bacterial community in the degraded sample (BA-1) revealed a high abundance 
of sequences belonging to Deferribacteres, while communities from non-degraded 
samples (BA-2 and ATL) were predominantly composed by Marinobacter and 
Marinobacterium (Gammaproteobacteria). On the one hand, members of Deferribacteres 
have been reported in high abundance in heavily degraded oils from Bokor reservoir in 
China (Li et al., 2012), in addition to degraded oil samples from Brazil (Silva et al., 2013), 
Alaska (Pham et al., 2009) and dominating hydrocarbon-degrading anaerobic enrichments 
from oilfield fluids (Gieg et al., 2010). On the other hand, members of the genus 
Marinobacter are known to be aerobic hydrocarbon degraders (Gauthier et al., 1992; 
Nicholson and Fathepure, 2004) and have been previously detected in Brazilian reservoirs 
using cultivation independent (Sette et al., 2007) and dependent approaches (Lopes-
Oliveira et al., 2012). Likewise, Marinobacter has been detected in oil reservoirs worldwide 
(Orphan et al., 2000; Li et al., 2012) but due to its relationship with aerobic mesophilic 
lineages, the presence of Marinobacter has been for long time considered as contaminant. 
However, its continuous detection in petroleum samples as well as the proven ability of 
Marinobacter isolates to grow anaerobically suggest that these organisms might be 
indigenous in this environment, actively participating in in situ syntrophic interactions 
(Köpke et al., 2005; Pham et al., 2009; Gray et al., 2011). Nevertheless, the fact that the 
dominance of Marinobacter sequences found in this study were associated with the non-
degraded samples, is suggesting that, even as a common inhabitant of these reservoirs, its 
metabolic activity is probably being limited by the in situ conditions.  
The archaeal community found in the Brazilian oil samples (BA-1, BA-2, ATL) was 
comprised mostly by methanogens of the class Methanomicrobia. Within 
Methanomicrobia, many Methanomicrobiales can utilize formate and alcohols as an 
alternative source instead of H2 + CO2 to produce methane, whereas Methanosarcinales 
grow most generally using methyl compounds (Methanolobus), and H2 + CO2 and acetate 
(Methanosarcina) or acetate as sole energy source (Methanosaeta) (Kendall and Boone, 
2006; Grabowski et al., 2005). In this study, acetoclastic methanogens of the genus 
Methanosaeta were present in both non-degraded oil samples (BA-2 and ATL) but not in 
the degraded sample (BA-1), where methanomicrobial sequences were more related to 
Methanocella, a formate and hydrogenotrophic archaea. Hydrogenotrophic organisms 
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were also found in both non-degraded samples (BA-2 and ATL), such as Methanobacterium 
and Methanothermobacter and the genera Methanocalculus and Methanothermococcus, 
detected exclusively in ATL and BA-2 sample, respectively.  
Frequently, culture-dependent studies have shown the prevalence of 
hydrogenotrophic methanogenesis in relation to acetoclastic methanogenesis in 
petroleum reservoirs (Bonch-Osmolovskaya, 2003; Orphan et al., 2000; Mayumi et al., 2011; 
Gieg et al., 2010). In fact, hydrogenotrophic methanogenesis is thought to be the main 
mechanism responsible for the formation of heavy oil in subsurface petroleum reservoir 
environments (Jones et al., 2008). However, a culture-independent study by Kobayashi and 
colleagues (2012) showed differences in microbial communities associated with each 
component of the reservoir sample: crude oil, large insoluble particles and formation 
water. Acetoclastic methanogens were found to be dominant in the oil-associated 
microbiota (oil and insoluble particles) and hydrogenotrophic methanogens were found in 
higher abundance in the formation waters (Kobayashi, Endo et al., 2012). Therefore, the 
low abundance of acetoclastic organisms in culture-based studies has been explained by 
the nature of their inocula sources wherein water phases are commonly utilized. Here we 
have shown that both hydrogenotrophic and acetoclastic methanogens are present in the 
oil samples, but due to the fact that the degraded oil sample did not show acetoclastic 
methanogens, it is more likely that hydrogenotrophic methanogenesis might be 
responsible for the last steps of crude oil degradation. Additional cultivation experiments 
with specific substrates would be necessary to clarify the respective contribution of 
acetoclastic and hydrogenotrophic methanogenesis in Brazilian oil reservoirs under study.  
Not least, the archaeal community in the degraded oil sample BA-1 showed a high 
abundance of Thermoplasmatales-related sequences in the phylogenetic analysis. 
Although Thermoplasmatales-related organisms have been detected in relatively low 
abundance in other highly degraded oil reservoirs (Yamane et al., 2008; Kobayashi, Endo, et 
al., 2012; Hubert et al., 2012), there is no specific role assigned to these organisms so far. 
The fact that Thermoplasmatales sequences in this study were found only in the 
biodegraded oil sample (BA-1), and that they showed closest relationship to high 
abundant sequences from a hydrocarbon-rich environment (asphalt lake in Trinidad and 
Tobago) (Schulze-Makuch et al., 2011), suggest that this taxon might represent an 
important member of microbial communities in highly biodegraded oil reservoirs.  
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3.2. Microbes in degraded vs non-degraded oils  
Efforts to characterize the microbial composition in degraded and non-degraded 
Brazilian oil samples have been previously made in our research group. In the work of Sette 
et al. (2007), the diversity analysis of bacterial communities in highly and non-degraded oil 
samples did not show statistical differences based on ARDRA results, nevertheless it was 
assumed that a greater sequencing effort could have better characterized the 
communities. In a more comprehensive study, through the sequencing of 16S rRNA gene 
libraries of microbial communities in moderately and non-degraded petroleum samples 
made by Silva and co-workers (2013), statistical differences were observed for the 
Deltaproteobacteria class, which was found only in the biodegraded oil sample (Silva et al., 
2013).  
In the present study, several significant differences between microbial communities 
in the degraded and non-degraded oil samples were shown. Mainly, 
Gammaproteobacteria were dominant in non-degraded samples. Furthermore, the 
degraded oil sample BA-1 showed higher bacterial diversity than the non-degraded oil 
samples (BA-2 and ATL), taking into account the taxonomic groups that were unique or 
significantly dominant in this sample: Thermotogae, Actinobacteria, Betaproteobacteria, 
Alphaproteobacteria, TM7, Bacilli and Deferribacteres. Silva et al. (2013) also reported a 
higher bacterial diversity for the degraded oil sample. Nevertheless, there is no systematic 
study to date scrutinizing the differences among microbial communities inhabiting 
biodegraded and non-biodegraded petroleum reservoirs. In the literature data reviewed 
for this work, information on the biodegradation extent of the petroleum reservoirs 
analysed is scarce or absent. As far as we were able to consider in this survey, we observed 
that only Epsilonproteobacteria and Thermoplasmatales were of common occurrence in 
biodegraded petroleum reservoirs. However, additional samples from degraded and non-
degraded petroleum reservoirs need to be considered in order to conclude if there is any 
distribution pattern of microbial populations that could be directly related with oil 
biodegradation processes in deep subsurface environments.  
3.3. Microbial phylogeography in oil reservoirs worldwide 
In the present study, several reports on the characterization of microbial 
communities from oil and production water fluids worldwide were reviewed aiming to 
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determine the influence of environmental parameters in shaping the composition and 
structure of these communities at local and global scales. 
Kaster and co-workers (2009) were the first to start comparing the taxonomical 
groups found in their study with the ones reported in previous works, showing that 2/3 of 
the genera identified in their study had already been detected in other microbiological 
surveys of petroleum reservoirs and arguing that chemical composition of reservoirs may 
affect microbial communities more than geological properties. Later, Li and co-workers 
(2012) explored the microbial diversity in petroleum samples from South China Sea and 
compared with other reservoirs worldwide. They observed co-occurrence of common 
petroleum-associated microbes but no geographical or temperature relatedness was 
found among studies. Recently, Lewin and colleagues (2014) investigated the level of 
similarity of microorganisms in two physically separated but closely located deep 
subsurface oil reservoirs in the North Sea. The two oil wells appeared to contain similar 
microbial communities but in very different relative abundances. 
In this study, hierarchical clustering of bacterial and archaeal relative abundances 
across oil reservoirs worldwide has suggested an apparent influence of temperature and 
depth in the prokaryotic communities. Despite the likely bias inherent to the lack of 
standardization among the surveys under study (DNA isolation, primers used for 16S rRNA 
gene amplification, PCR conditions, etc), the resulting dendrogram showed some degree 
of relatedness among the microbial communities of a group of biodegraded samples from 
low-mild temperature (up to 50 Co) and relatively deep (up to 1,000 m) reservoirs, that 
included the studies of Pham et al. (2009), Silva et al. (2013), Grabowski et al. (2005) and 
Hubert et al. (2012). A second group of more related microbial communities included all 
the remaining studies of reservoirs with higher values of temperature and depth. The main 
taxa contributing to distinguish the two groups were identified. The first group, 
encompassing the low-mild temperature and relatively shallow petroleum reservoirs, 
apparently has in common the detection and abundance of Campylobacterales 
(Epsilonproteobacteria) and Desulfuromonadales (Deltaproteobacteria). The 
predominance of these groups in low temperature biodegraded reservoirs has been 
previously observed by Hubert and colleagues (2012). On the other hand, dominant taxa in 
the second group of microbial communities associated to higher temperature and deeper 
reservoirs are Clostridiales and Thermotogales. Members of these groups are thermophiles 
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with mainly fermentative metabolism. Accordingly, Gray and colleagues (2010) also 
noticed higher frequency of Firmicutes and Thermotogae classes associated with high 
temperature petroleum reservoir communities (Gray et al., 2010).  
Venn diagram has suggested the existence of a common microbiota inhabiting oil 
reservoirs worldwide belonging to the classes Gammaproteobacteria, Clostridia and 
Bacteroidia. The Gammaproteobacteria class comprises facultative anaerobes or strictly 
aerobic members whereas dominant groups belonging to Clostridia and Bacteroidia are 
obligate anaerobic groups (fermentative heterotrophic or chemolitoautotrophic 
metabolism). These results are in agreement with the previous observations by Gray and 
co-workers (2010) where Firmicutes, Proteobacteria (mainly Gammaproteobacteria) and 
Bacteroidetes were the three bacterial phyla found in highest frequency in several 
hydrocarbon-impacted environments including petroleum reservoirs, but also 
hydrocarbon contaminated aquifers, sediments and soils. In this study, Methanomicrobia 
was the dominant archaeal class in almost all reservoirs studied, which comprises both 
acetoclastic and hydrogenotrophic methanogens.  
Results from the microbial community comparison at global scale supports the 
general notion that syntrophic interactions are expected to occur in oil reservoir habitats 
(Wentzel et al., 2013). The core microbiota found is probably involved in complex 
syntrophic interactions responsible for the complete degradation of alkanes and other 
hydrocarbon components. Future deep sequencing efforts in combination with genome 
reconstruction and cultivation attempts will help to recover detailed information on the 
function, interactions and ecological significance of key microorganisms. Immediate efforts 
towards the elucidation of the ecosystem functioning should be focused on Bacteroidia 
members, which due syntrophic nature are probably important actors underlying the 
interaction network in the reservoir environment. 
4. Conclusions  
This chapter described the microbial diversity from crude oil samples in three 
petroleum reservoirs in Brazil; two from the Recôncavo Basin in the Northeast and one 
from the Campos Basin in the Southeast. The vast majority of bacterial and archaeal genera 
found in this study have been already detected in oil fields or oil-associated environments. 
However, bacterial genera were not shared even between the Northeast samples (BA-1 
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and BA-2), and this was also true for the archaeal community compositions. Instead, the 
BA-2 sample showed a notably more similar prokaryotic community with the ATL sample 
(from Southeast Brazil), both classified as non-degraded sample. These results suggest that 
geographic distance at local scale does not play a dominant role in shaping reservoir 
microbial communities. Indeed, rather than geographical distance, the comparison among 
microbial communities in reservoirs worldwide taking physicochemical data into 
consideration showed that the distribution of microbial taxa was correlated with 
temperature and depth. In relatively shallow and low temperature oil reservoirs, the 
groups Epsilonproteobacteria and Deltaproteobacteria seem to be more abundant, 
whereas the orders Clostridiales and Thermotogales were found in higher frequency in 
bacterial libraries from deeper and high temperature oil reservoirs. A core microbiome 
encompassing three main bacterial classes, Gammaproteobacteria, Clostridia and 
Bacteroidia and one archaeal class, Methanomicrobia could be defined, which probably 
are the main players in the synthophic interactions in these environments.  
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Chapter 2: Unveiling diversity and hydrocarbon biodegradation 
potential of crude oil and water microbial communities from 
degraded and non degraded petroleum reservoirs 
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1. Introduction  
The anaerobic hydrocarbon degradation process is initiated by the activation of 
hydrocarbons with the most widely reported mechanism being the addition of fumarate 
to the hydrocarbon. This is at least the best characterized activation mechanism for 
toluene and xylene (Leuthner et al., 1998; Beller and Edwards, 2000), n-alkanes (Callaghan 
et al., 2008) and naphthalene (Selesi et al., 2010); it has been identified under a wide range 
of electron acceptor conditions and represents a central paradigm in anaerobic 
hydrocarbon degradation (Head et al., 2014). However, alternative mechanisms have been 
proposed, as the anaerobic hydroxylation of aliphatic side chains, the carboxylation of 
phenolic compounds and possible also of benzene and naphthalene, among others (Fuchs 
et al., 2011). Regardless of the initial activation pathway, the complete biodegradation of a 
hydrocarbon is achieved with its transformation to methane (methanogenesis) and 
requires the participation of bacteria and archaea in syntrophic association. Therefore, 
activated hydrocarbons are further metabolized into smaller molecules as short-chain fatty 
acids, alcohols or H2 and ultimately archaeal methanogens transform them to methane 
and CO2 (Gray et al., 2011; Gieg et al., 2014).  
Microbial diversity analyses have been extensively performed in oil fields using 
culture dependent (Magot et al., 2000; Youssef et al., 2009) or independent approaches, 
mainly 16S rRNA gene clone libraries, as reviewed in Chapter 1. Recent next generation 
sequencing technologies such as tag sequencing of 16S rRNA genes, have allowed deeper 
taxonomic picture of microbial communities in petroleum reservoirs (Kryachko et al., 2012; 
Lenchi et al., 2013; Wang et al., 2014; Gao et al., 2015; Cai et al., 2015). Nevertheless, given 
the difficulties in sampling and the efficiency of DNA extraction from crude oil, few studies 
have aimed at the functional assessment of microbial communities in oilfields by 
sequencing total metagenomic DNA (Kotlar et al., 2011; Lewin et al., 2014; An et al., 2013).  
Majority of the studies focusing on microbial diversity in oil reservoirs have been 
performed using formation or production waters (Grabowski et al., 2005; Nazina et al., 
2006; Li et al., 2007; Dahle et al., 2008; Pham et al., 2009; Kaster et al., 2009; Zhang et al., 
2012; Tang et al., 2012). However, it has been shown that each component of the reservoir 
sample (crude oil, large insoluble particles and formation waters) holds a specific microbial 
community (Kobayashi et al., 2012). Indeed, differences between oil and water –associated 
microbes in oil reservoirs have been recently reported by Kryachko et al. (2012), Wang et al. 
  
 
112 
(2014), and Cai et al. (2015), however, the  reason why these differences occur remains 
unknown (Cai et al., 2015).  
GeoChip-based functional analysis of microbial communities in crude oil and water 
samples from the long time water-flooded Qinghai oilfield, China, demonstrated that 
crude oil could be a “seed bank” of microorganisms with highly diverse functions enriched 
for hydrocarbon degradation-related capacities (Cai et al., 2015). It is likely that the nature 
of the oil field and issues as whether or not petroleum has been degraded or subjected to 
water injection for secondary recovery may influence the functional and taxonomic 
composition of microbial communities.  
In this chapter, an investigation of the microbial communities in the oil and water 
phases of the petroleum wells in Miranga oilfiled were undertaken using high-throughput 
Illumina sequencing. Downstream analyses focused on specific taxonomic and functional 
profiles relevant for the understanding of microbial communities in the oil reservoir 
compartments and its capabilities, which are fundamental for developing technologies 
such as MEOR and bioremediation of oil-polluted environments. 
 
2. Results  
2.1. Sequencing summary and coverage 
Metagenomic DNA from all samples was submitted to sequencing in the Illumina 
HiSeq platform, yielding 2.4 – 7.2 x 107 of total number of reads (Table 1). The total number 
of unassembled and assembled reads used for analyses are indicated in Table 1.  
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Table 1. Features of metagenomes generated by Illumina sequencing of three reservoir samples 
 BA-1 BA-2 BA-2 Water 
Number of total 
reads  
63,663,668 23,730,708 70,751,505 
Number of total 
reads post-quality 
control (QC) 
22,909,062 11,801,926  29,839,416 
Number of total pb 
post-quality control 
(QC) 
2,324,719,109 1,191,160,204 3,031,090,856 
Number of reads 
after in silico 
normalization 
15,570,324 9,234170 17,014,570 
Spades assembly 
Total length of 
contigs (bp) 
(>200pb) 
132,042,413 71,074,873 133,900,100 
Number of contigs 
(>200 bp) 
141,405 85,453 169,296 
Range of contigs 
length (bp) 
(Tamanho medio de 
contigs) 
933 831 790 
Largest contig (bp) 444,323 170,036 374,495 
Number of contigs 
<200 bp 
142,438 88,643 174,005 
N50 2267 1808 1653 
Number of bases 
(pb) 
131,955,512 71,419,684 134,245,661 
Number of protein 
coding genes (IMG) 
253,741 144,073 271,234 
Number of rRNA  
(IMG) genes 
213 133 184 
Number of tRNA 
genes (IMG) 
1,860 763 1,284 
MGRAST data (normalized unassembled reads) 
MG-RAST ID 4690353.3 4690383.3 4690352 .3 
Metagenome size 
post QC (bp) 
1,062,605,547 1,460,988,735 1,477,099,043 
Number of 
sequences post QC  
10,520,847 14,465,235 14,624,743 
GC content (%) 44 ± 11 45 ± 11 42 ± 13  
Number of 
predicted ORFs 
4,438,336 5,646,405 4,785,404 
ORFs with predicted 
function 
818,413 1,078,206 1,106,032 
Alpha diversity 309,943 360,882 214,996 
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2.2. Taxonomic profile  
On a broader scale, MG-RAST annotation analyses with unassembled reads showed 
that most of the sequences in the three metagenomes had homologs in bacterial and 
archaeal genomes (RefSeq database) (Figure 1). The proportion of unannotated reads 
(unassigned, viruses or other sequences) was consistently low (<0.4% across the 
metagenomes). Likewise, Eukarya-affiliated sequences were 1% for BA-1 oil and BA-2 water 
phase but accounted 6% in oil phase of BA-2. Nevertheless, major discrepancies between 
the samples were evident between Archaea and Bacteria domain level. Interestingly, the 
BA-1 metagenome showed an equivalent proportion of reads assigned to Archaea 
(51%)and Bacteria (48%). Conversely, in both oil and aqueous phase of the BA-2 sample, 
Bacteria showed to be dominant (96 and 84% for water and oil phase, respectively) and 
Archaea represented a minor proportion of reads (2 and 10% for water and oil phase, 
respectively). At the class level (Figure 2a) the most abundant taxon in BA-1 is 
Methanomicrobia (31%), followed by Clostridia (15%), Methanobacteria (9%) and 
Deltaproteobacteria (6%), showing that the main members of the community of the BA-1 
sample are methanogenic archaea and presumably fermentative or bacteria using 
inorganic electron acceptors. On the other hand, both oil and aqueous phase of the non-
degraded sample BA-2 were dominated by Gammaproteobacteria and Clostridia, 
accounting to nearly half of the community members at the class level (Figure 2a). 
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Figure 1. Relative abundance of taxa at the domain level in unassembled/normalized Illumina 
reads from the crude oil (BA-1, BA-2) and water (BA-2-W) metagenomes determined using RefSeq 
database on MG-RAST.   
 
The comparison of microbial community composition in the metagenomes at 
family level showed a low correlation between the BA-1 and BA-2 oil samples (r2=0.08, 
Figure 2b), whereas was verified a major correlation between the oil and aqueous phase of 
the sample BA-2 (r2=0.56, Figure 2c). Major discrepancies between the metagenomes from 
oil samples were evident for the archaeal taxa in the BA-1 metagenome, encompassing 
Methanobacteriaceae, Methanosaetaceae and Methanosarcinaceae, whereas in the BA-2 
metagenome the bacterial taxa Alteromonadaceae (Gammaproteobacteria), 
Halanaerobiaceae (Clostridia) and Synergistaceae (Synergistia) turned to be the most 
distinctive taxa (Figure 2b). The comparison between the microbial communities in the oil 
and water components of the BA-2 sample showed that Alteromonadaceae and 
Halanaerobiaceae were more associated with the aqueous phase whereas Synergistaceae 
was more represented in the oil phase. However, considering the taxonomic profile 
depicted in figure 1a, those differences in oil and aqueous phases of BA-2 are more related 
with relative abundances than taxonomic composition.   
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Figure 2. Taxonomic profile of the metagenomes. a) Relative abundances of bacterial and archaeal 
taxonomical classes identified using MG-RAST assignment of unassembled (normalized) Illumina 
reads (based on best hit classification by RefSeq of total encoding genes). Frequencies <0.01 of 
taxonomic groups are not shown. b-c) Comparison of the relative proportion of sequences at 
family level (based on MG-RAST affiliations of the protein-encoding sequences) using STAMP. 
Pairwise comparisons for oils BA-1 vs BA-2 (b) and pairwise comparisons for oil BA-2 vs aqueous 
phase BA-2-W (c).  
 
2.3. Functional profiles  
The overall genetic potential for biodegradation in the petroleum reservoir 
metagenomes was explored using the annotation of unassembled reads into the 
functional categories: metabolism of aromatic compounds in the Subsystems database 
and into the: xenobiotics biodegradation and metabolism and fatty acid metabolism KEGG 
categories (levels 3 and 4, respectively) (Figure 3). Taxonomic affiliation (RefSeq database) 
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of those reads was analysed by pairwise comparisons (Figure 3). No correlation between 
microbial communities was found between oils BA-1 and BA-2 based on the functional 
genes associated with any of the categories analysed: fatty acid metabolism (r2= 0.039) 
(Figure 3a), xenobiotic biodegradation and metabolism (r2=0.045) (Figure 3c), and 
metabolism of aromatic compounds (r2= 0.076) (Figure 3e). On the other hand, the oil and 
aqueous phase of the sample BA-2 correlated at r2= 0.99, 0.90 and 0.76 for fatty acid 
metabolism (Figure 3b), xenobiotic biodegradation and metabolism (Figure 3d) and 
metabolism of aromatic compounds (Figure 3f), respectively. Remarkably, in the BA-1 
metagenome, the fatty acid degradation genes were associated with the bacterial taxa 
Syntrophaceae, Bacillales and Chloroflexaceae and the genes for aromatic compound 
degradation and xenobiotics degradation were related with the archaeal taxa 
(Methanobacteriaceae, Methanosaetaceae and Methanosarcinaceae). On the other hand, 
in the BA-2 oil and water phase comparisons, all these functions were mostly associated 
with Alteromonadaceae in the water phase, and also with Halanaerobiaceae for the 
aromatic compound degradation (Figure 3f). On the other hand, although oil and aqueous 
phases from sample BA-2 showed to be correlated for the selected functions, oily phase 
showed more diverse taxa associated with those functions (Methanobacteriaceae and 
Synergistaceae), while the water phase was almost exclusively associated with 
Alteromonadaceae. 
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Figure 3. Comparison of the microbial taxa (family level) associated with the functional categories 
for KEGG fatty acid metabolism (a – b), KEGG xenobiotics biodegradation and metabolism (c-d) and 
metabolism of aromatic compounds in subsystems database (e-f) in the metagenomes. Pairwise 
comparisons between the oil samples BA-1 and BA-2 are shown in the left plots and pairwise 
comparisons between oil and aqueous phase of BA-2 are shown on the right plots.   
 
In order to identify the specific genes and pathways involved in hydrocarbon 
degradation in the microbial communities from oil and water phases, the abundance of 
genes encoding key enzymes classified in aerobic or anaerobic pathways and in 
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degradation stage categories were searched in the assembled metagenomes (Annex 2, 
Figures A1-A2). The abundance of those genes summed and normalized for each 
hydrocarbon degradation category (Figure 4) showed that the oil and water phases of the 
BA-2 sample had a higher frequency of genes for both oxygen dependent upper pathways 
(activation of hydrocarbons by monooxygenases and dioxygenases) and dearomatization 
(oxygen dependent extradiol ring-cleavage), with a lower frequency of genes in the 
anaerobic hydrocarbon degradation pathways. Conversely, the metagenome from the oil 
sample BA-1 exhibited higher frequencies of genes in the oxygen independent pathways 
(anaerobic activation by fumarate addition and carboxylation), in either oxygen 
dependent or independent central metabolism through intradiol ring-cleavage and in 
both ATP dependent and independent pathways, respectively, as well as a significantly 
higher abundance of genes for methanogenesis (Figure 3). Notably, no hydroxylation 
related genes for anaerobic hydrocarbon activation (being ethylbenzene dehydrogenase) 
were found in any of the metagenomes and therefore were not shown in the Figure 4.  
In order to determine if the microbial communities in the petroleum fluids have the 
potential for syntrophic associations, the abundance of KOs identifiers related with 
syntrophic metabolism was determined. The individual numbers of KOs belonging to each 
category in the three metagenomes are listed in the Annex 2, Table A1. For comparison 
purposes, the sum of KOs detected in each category was normalized against the number 
of total genes detected in each metagenome. Sample BA-1 showed higher abundances of 
syntrophic-associated genes (Figure 5). The ANOVA test performed for the mean numbers 
of each category showed statistical differences (p = 0.001) between the samples. Tukey’s 
pairwise test indicated the largest difference between BA-1 and BA-2 metagenomes.  
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Figure 4. Abundance of each aerobic and anaerobic hydrocarbon degradation associated KO 
category found in the assembled metagenomes. Numbers indicated in the legend (scale) refer to 
the sum total of KOs found in each category in a metagenome normalized to the number of total 
genes detected in that metagenome. The full list of genes identified in each category is listed in the 
Supplementary material, Annex 2, Figures A1-A2. 
 
Figure 5. Abundance of each syntrophic-related KO category found in the assembled 
metagenomes. The abundance in each category corresponds to the sum of KOs detected in the 
metagenomes normalized against the number of total genes detected in each metagenome. The 
full list of the individual KOs comprised in each category is detailed in the Supplementary material 
(Annex 2, Table A1).  
 
2.4. Taxonomic assignments of functional genes 
Aiming to link the hydrocarbon degradation genes with the microbial community 
members potentially involved with this function in oil reservoirs, the taxonomic affiliation of the 
enzymes contained in the functional categories in Figure 4 was performed at the order level 
(Figure 6). As previously observed in Figure 4 and Annex 2, Figure A1, the majority of the genes for 
anaerobic activation of hydrocarbons were found in the BA-1 metagenome and these genes were 
mainly affiliated to Clostridiales and Methanobacteriales, followed by Methanosarcinales, 
Syntrophobacterales and Desulfobacterales (Figure 6). Although in lower abundance, the 
anaerobic activation genes found in oil and aqueous phase of the non-degraded sample BA-2, 
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exclusively involved with anaerobic carboxylation of hydrocarbons, were mostly associated with 
Deferribacterales and Desulfuromonadales (Figure 6). Further steps of anaerobic degradation of 
hydrocarbons, as the genes associated with central pathways for aromatic degradation (anaerobic 
ring cleavage) did not show marked taxonomic differences between the three metagenomes. For 
these pathways, the taxonomic orders Synergistales, Clostridiales and Anaerolineales showed 
larger number of read assignments in the three metagenomes (Figure 6).  
On the other hand, oxygen dependent mechanisms for hydrocarbon activation, as 
previously observed in Figure 4 and Annex 2, Figure A2, were mostly found in the BA-2 
metagenomes (oil and water), rather than in BA-1 metagenome. Mostly of these genes were 
related to Alteromonadales, Oceanospirales and Pseudomonadales in both BA-2 oil and water 
phases, while the small number of sequences detected in BA-1 were assigned to Burkholderiales 
and Rhodocyclales, which by the way were found in similar abundance in the oil phase of BA-2 
(Figure 6). Further aerobic central pathways were detected mostly in BA-1 metagenome. The order 
Methanobacterales showed the largest number of assignments of these genes in the three 
metagenomes, however, Syntrophobacterales, Clostridiales, Hydrogenophilales were exclusively 
found in BA-1 (Figure 6).  
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Figure 6. Radial tree chart of the taxonomic assignment of the genes identified in each 
hydrocarbon degradation stage (Table 1 and Supplementary figures S4-S5) for the three 
metagenomes (based on LCA algorithm in MEGAN).  
 
2.5. Identification of putative Benzylsuccinate synthase pathway 
A closer examination at the anaerobic degradation pathways revealed that 
fumarate addition, the most intensively investigated route worldwide, was detected only 
in the metagenome of BA-1, although its key enzyme for hydrocarbon activation 
benzylsuccinate synthase subunit alpha (BssA) was absent (Figure 4, Annex 2, Figure A1). 
Nevertheless, the absence of BssA in the dataset does not mean its complete lack in the 
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metagenome, but the inability of the automated annotation in IMG server to detect it. 
Therefore, a reference BssA protein sequence belonging to Azoarcus sp. (Achong et al., 
2001) was obtained from GenBank (accession number: AAK50372) and blasted (BlastP, E 
value: 1e-5) against all the coding sequences in BA-1 assembled metagenome. Forty-three 
genes matching the BssA sequence were found, which were annotated under the gene 
product name: Pyruvate-formate lyase (PFL). PFL has strong homology with benzyl 
succinate synthase (BSS) and both are members of the glycyl-radical enzyme (GRE) family. 
The misannotation of Bss as PFL was previously noticed by Tan et al. (2013; 2014). The 
nearly full-length (>700 aminoacids) of these Bss protein homologs found, totalizing 9 
proteins (listed in Annex 3, table S2) were subjected to phylogenetic analysis (Figure 7) 
with their closest homologs found in the refseq_protein database. A reference sequence 
for pyruvate formate lyase (PFL) from Escherichia coli (accession number: WP_050876131) 
was included in the phylogenetic tree as outgroup. The putative gene 100003270 was the 
most closely related to known bssA genes, but in general almost all 9 nearly-full BssA 
homologous in BA-1 metagenome shared more homology with sequences annotated as 
glycyl radical enzymes across Clostridiales- and Desulfobacterales phylotypes, except for 
one protein (100004983) that showed the strongest relatedness with the PFL reference 
sequence. 
 
 
 
 
 
 
 
 
  
  
 
124 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Neighbor-joining tree of Azoarcus sp. BssA homologous proteins recovered from BA-1 
assembled metagenome (shown in boldface, with the Azoarcus BssA sequence). Closely related 
sequences were found in the NCBI Refseq_protein database through BLASTP searches of each BA-1 
homologous sequence. Bootstrap values (1000 replicate runs, shown as %) are listed. GenBank 
accession numbers are listed in parentheses after the species names (in square brackets).  
 
The analysis of the gene neighbourhood of the putative bssA (gene: 100003270) 
detected in the BA-1 assembled metagenome in IMG (scaffold ID: 1000032) showed that it 
is flanked by gene sequences homologous of the bss operon. The arrangement found for 
the contig 1000032 containing the putative bssA gene is depicted in Figure 7, as well as 
several reference sequences of the bss operon in genomes of isolated microorganisms as 
annotated in IMG. Although the only gene sequence in 1000032 that was automatically 
annotated as one of the components of the bss operon was the benzylsuccinate synthase 
β subunit (bssC; light green in Figure 7), further functional analysis of the surrounding 
proteins by family/domain searches revealed the other common components of the bss 
operon being preceded by a transcriptional regulator gene of the IcIR family (light pink). 
First, an activating enzyme annotated as pyruvate activating enzyme (pflA; light blue) was 
annotated in the contig 1000032 preceding the gene bssC, which has been likewise 
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detected in all the bss operons from isolated microorganisms. This activating enzyme 
known as BssD, is responsible for the conversion of the BSS protein to the active form of 
BSS. BssD is encoded in a common operon with the three subunits of BSS (BssCAB) 
characterized by containing a domain with two ferredoxin-like Fe4S4 clusters (Heider et al., 
2016). The presence of these Fe4S4 ferredoxin domains in the pflA sequence of the contig 
1000032 was confirmed through Interpro search (aminoacids 47-76 and 79-108), 
supporting the fact that the sequence annotated as pflA corresponds to bssD. Second, the 
three coding sequences downstream to the bssD gene were found to be homologous to 
the β- α- ϒ- BSS subunits encoded by bssC, bssA and bssB, respectively. Pfl sequence in BA-
1 metagenome was analysed in detail and its function was predicted using COACH in I-
TASSER structure prediction server, where the best hit corresponded to BssA in Thauera 
aromatica (PDB: 4PKC_A). Besides this, the identity of the two small subunits: BssC and 
BssB, annotated as BssC and Hypotethical was confirmed through Blastp searches using 
the non-redundant UniprotKB/SwissProt database where both first hits matched BssC and 
BssB (40% and 44% identity, with 2e-08 and 0.001 E-value, respectively). These results 
altogether strongly suggests that the contig 1000032 in the BA-1 metagenome contains all 
the genes for BSS and its activating enzyme in the same gene order as all known bss 
operons, bssDCAB (Heider et al., 2016), and that these were missed in the annotation 
pipeline in IMG.  
Notably, none of the other bssA homologs in BA-1 metagenome (Figure 6, 
Supplementary table S5) was located in contigs carrying complementary genes of the bss 
operon, therefore the only sequence found to be functionally related with anaerobic 
hydrocarbon degradation through the addition of fumarate belonged to the 
microorganism containing the contig 1000032. The taxonomic assignment of this contig in 
IMG was attributed to the candidate phylum Atribacteria (classification of 78% of the 
coding genes in the contig). 
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Figure 7. Comparison of a partial region of the contig 1000032 harbouring the bssA homolog gene 
and the bss operon in the strains: Desulfobacula toluolica Tol2, Scaffold FO203503 (IMG Genome ID: 
5197905); Aromatoleum aromaticum EbN1, Scaffold 006513 (IMG Genome ID: 637000012); 
Geobacter bremensis R1, Scaffold 24.24 (IMG Genome ID: 2524023206); Thauera Chlorobenzoica 
3CB-1 Scaffold 102 (IMG Genome ID: 2651870126) and Desulfotomaculum gibsoniae Groll DSM 7213, 
Scaffold Contig329.1 (IMG Genome ID: 2508501002). Each ORF is represented by an arrow coloured 
by gene type and labelled according to IMG annotation. In light blue labelled as pflA: pyruvate 
formate-lyase activating enzyme; in light green laballed as bssC: benzylsuccinate synthase-gamma 
subunit; in yellow labelled as bssA: benzylsuccinate synthase-aplha subunit; in orange labelled as 
bssB: benzylsuccinate synthase-beta subunit; in light pink labelled labelled with the pre-TR: 
Transcriptional regulator, TR- IcIR: TR IcIR family; TR-TetR: TR LuxR Family; TR-FIS: TR containing DNA 
binding FIS domains. Gray arrows labelled as H corresponds to hypothetical proteins and white 
arrows correspond to other genes encoding for proteins not reported as relevant for Bss operon in 
the literature, cbbQ: nitric oxide reductase NorQ protein; 1*: Ubiquinone oxidoreductase; 2* 
bacterial transferase; 3*: Two component sensor; 4*: Mg-chelatase subunit ChlD. 
 
3. Discussion 
Despite the recognized relevance of the microbial communities in petroleum 
systems, the understanding of the relationships between the microorganisms, their 
functional capabilities and the oil composition and oil/water phases remain unclear. In this 
study we analysed datasets containing 2 (BA-1), 1 (BA-2) and 3 (BA-2-W) Gb of sequence 
information from three microbial communities in two different phases (oil and water) of 
two petroleum wells. To our knowledge, this is the first metagenomics-based study 
providing in-depth taxonomic and functional profiles of microbial communities in crude 
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oil and water samples from petroleum reservoirs. The analysis of metagenome datasets 
poses some bioinformatic challenges, and in order to avoid biases from metagenomic 
pipelines, different strategies were adopted. First, to maintain the abundance and 
representation of sequences in the datasets, the unassembled reads were used for 
quantitative taxonomic and functional profiles and comparisons. Second, the assembly of 
reads was performed for a robust functional gene analysis, allowing the detection of 
complete genes and gene clusters or operons, essential for the identification of the 
presumptive bss operon. Consequently, results reported here are summarized in two major 
findings: i) the two oil wells under study harboured very distinct microbial communities, 
which resulted in different functional potential for biodegradation; ii) taxonomic 
differences observed between oil and water fluids from the same well were more related 
to relative abundances rather than presence or absence of taxa. 
3.1. Microbial communities in water and oil fluids 
Taxonomic differences between the oil and water phases have been demonstrated 
previously (Kobayashi et al., 2012; Kryachko et al., 2012; Wang et al., 2014; Cai et al., 2015). 
In the present study, the assessment of the microbial communities in the oil and water 
fluids was only possible for BA-2 sample, previously characterized as a non-degraded oil 
sample, as oil and water make up the reservoir mixture collected in BA-2 oil well. Pairwise 
comparisons resulted in moderately correlated communities (r2 > 0.5). Despite this 
correlation and the detection of the same dominant taxa (Gammaproteobacteria and 
Clostridia) in both fluids, differences in relative abundance at family level were detected, 
e.g. Synergistaceae and archaeal members were more associated with oil phase, while 
higher abundances of Alteromonadaceae and Halanaerobiaceae were detected in the 
water phase (Figure 1). A possible explanation for the association of different 
microorganisms to the oil or water phase was given in Kryachko et al. (2012), who argued 
that this would be driven according to the solubility of the microbial preferred substrate. 
Therefore, strong association of hydrogenotrophic methanogens (mostly 
methanobacteria) in the oil phase might be expected considering that hydrogen (H2) is 
more soluble in oil than in water. Another explanation is proposed by Cai et al. (2015), in 
which crude oil is considered as a “seed bank” for the water phase, where microorganisms 
would disperse and grow according to particular conditions favouring different taxa. The 
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fact that higher abundance of Alteromonadaceae and Halanaerobiaceae was detected in 
aqueous phase compared to the oil phase, could be fundamentally explained by the 
observation that Alteromonadaceae members (aerobic or facultative chemoorganotrophs) 
can use a wide spectrum of organic substrates and can grow rapidly consuming the 
dissolved organic carbon in the environment (López-Pérez and Rodriguez-Valera, 2014; 
Nelson and Wear, 2014). It is possible that organic carbon sources were more readily 
available in the aqueous phase of the oil well BA-2, providing conditions for 
Alteromonadaceae to grow and later Halanaerobiaceae members (anaerobic fermenters) 
to succeed, leading to a differentiation of relative abundances of these microbial taxa in 
the oil and water phase.  
3.2. Taxonomic profiles – abundance of syntrophs and methanogenic 
archaea in the degraded oil  
The main taxonomic difference between the microbial compositions in the two oil 
wells was that BA-1 oil showed a greater proportion of archaeal sequences (51%) over 
bacterial sequences (48%) in contrast with the predominance of bacterial sequences in the 
BA-2 samples (96-84 % in water and oil phases of BA-2). The difference in the distribution 
of the taxa in the two oil wells is likely a result of the different conditions in the two 
reservoirs with respect to temperature, depth (both higher in the BA-2 oil well) and 
nutrient availability as a result of the oil degradation. The taxonomic assignment of the 
metagenomic reads at higher taxonomic levels carried out in this study is in agreement 
with the phylogenetic composition observed in our previous study using 16S rRNA clone 
libraries from the same samples (Chapter 1), where the most significant differences 
corresponded to a higher diversity of taxa in BA-1 and the predominance of 
Gammaproteobacteria members in the BA-2 sample. These results are in accordance with 
the recent observation that as temperature increases in oil reservoirs, the microbial 
community is less complex and dominated by a few organisms (Hu et al., 2016).  
Archaeal members were dominant in the BA-1 oil and mainly assigned to 
methanogenic groups. The predominance of methanogens in the microbial community of 
BA-1 sample is an indicative of methanogenesis might be a prevalent process taking place 
in the oil well BA-1. In addition, bacterial composition in BA-1 was overrepresented by 
Clostridia and Deltaproteobacteria, which are considered the typical syntrophic primary 
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degraders (Morris et al., 2013). Altogether, bacterial and archaeal composition in the BA-1 
oil sample is indicating that hydrocarbon biodegradation (evidenced in Chapter 1) is 
driven by the association between syntrophic bacteria and methanogenic archaea.  
3.3. Functional profiles – evidences of dominant anaerobic processes in the 
degraded oil  
Consistent with the distinct microbial communities in the two oil reservoir systems, 
differences in the degradation potential were observed. Comprehensive hydrocarbon 
degradation capabilities in the oil BA-1 were associated with several bacterial and archaeal 
taxa (Figure 2). In fact, we found great congruence between the most abundant members 
identified in the total metagenome and the taxonomic affiliation of the anaerobic 
hydrocarbon degradation genes in the reservoir sample BA-1 (Figure 1-2 and 5). The most 
abundant members: Methanomicrobia, Methanobacteria, Syntrophobacteriales 
(Deltaproteobacteria) were effectively the most affiliated taxa for anaerobic activation of 
hydrocarbons. In addition, the great abundance of Clostridia and detection of other less 
abundant members in BA-1: Synergistia and Bacilli was equally associated in both 
anaerobic activation and central metabolism of hydrocarbon degradation-related genes. 
This was not the case for the BA-2 reservoir fluids, where the most abundant members 
identified in the total metagenome (Gammaproteobacteria and Clostridia) were not 
related to the anaerobic hydrocarbon degradation genes. In fact, it is worth to mention 
that although the abundance of aerobic hydrocarbon degradation genes suggest a 
oxygen-dependent mechanism for oil degradation in the BA-2 oil well, the oil composition 
have not evidenced oil degradation yet. However, potential anaerobic metabolism genes 
corresponding to anaerobic activation through carboxylation and central metabolism by 
ATP independent class of benzoyl-CoA reductases (aldehyde:ferredoxin oxidorreductase –
AOR, Annex 2, Figure A1) mechanisms were detected and associated to 
Deltaproteobacteria, Deferribacteres, Synergistia and Clostridia classes, which are not 
abundant members in the oil well BA-2.  
3.4. Microbial diversity linked to biodegradation in oil fields 
Microbial communities from hydrocarbon degradation enrichment cultures have 
often identified Syntrophaceae bacteria, from the genera Smithella and Syntrophus, among 
others, have often been identified (Berdugo-Clavijo and Gieg, 2014; Gray et al., 2011). 
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These organisms seem to be involved in the methanogenic degradation of n-alkanes 
(Zengler et al., 1999; Gray et al., 2011). Gray and co-workers (2011) observed the 
predominance of Smithella in oil-degrading methanogenic enrichment cultures and its 
exponential growth in parallel to alkane degradation and methane accumulation, whereas 
Marinobacter, a known hydrocarbon degrader, did not participate in the biodegradation. 
Nevertheless, the detection of these taxa in biodegraded oilfields has been in low 
frequency (Gieg et al., 2008; Kryachko et al., 2012; Mbadinga et al., 2012). Therefore, it has 
been suggested that crude oil degrading communities may be different in high 
temperature reservoirs, compared with the enriched mesophilic cultures (Head et al., 
2014).  In high temperature reservoirs, Firmicutes members, predominantly Clostridia, have 
been detected at higher frequency (Gieg et al., 2010; Mbadinga et al., 2012). Firmicutes 
identified in these cases include organisms related to known syntrophic acetate oxidizing 
bacteria, such as Thermoacetogenium and Moorella (Gieg et al., 2010; Mbadinga et al., 
2012), or organisms taking part in the fermentation of hydrocarbons (Jiménez et al., 2016). 
However, it seems that a relative broad range of organisms may have the capacity for 
anaerobic degradation of different crude oil components. In this study, we found that the 
microbial community from the BA-1 oil, considered as degraded oil, is composed in 
relatively high abundance by taxonomic groups considered relevant for the anaerobic 
hydrocarbon degradation. The hydrocarbon activation pathways in BA-1 seem to be 
performed by Syntrophobacterales and Clostridiales in addition to Methanobacteriales 
and Methanomicrobiales, and central pathways seem to be carried out predominantly by 
Synergistales and Clostridiales. Synergistetes phylum has been found recently dominating 
thermophilic methanogenic oil degrading communities from oily sludge samples from 
Shengli oilfield in China (Cheng et al., 2014). Therefore, microbiota involved with 
hydrocarbon degradation in this study differs considerably from the work in oil sand tailing 
ponds reported in An, Brown, et al., (2013), where activation degradation pathways would 
be performed by Proteobacteria, Firmicutes and Actinobacteria and central pathways were 
mostly affiliated to Deltaproteobacteria. Likewise, these results indicate that hydrocarbon-
degrading microbial communities in near surface environments (as oil sand tailing ponds) 
might be different from the ones found in deeper subsurface environments as oil 
reservoirs, suggesting that hydrocarbon-degrading microbial communities may be more 
diverse across different environments and conditions than previously thought.  
  
 
131 
Accordingly, the analysis of the bssA homologous sequences and their operon 
structures allowed the prediction of one putative bss operon in the BA-1 metagenome. 
Furthermore, these results suggest that the microorganism carrying this contig is capable 
of making a functional enzyme for the activation of toluene or its analogs through addition 
of fumarate. The taxonomic assignment performed at IMG indicated that this contig is 
carried by a member of the candidate phylum Atribacteria. This phylum was proposed to 
include the representatives of the OP9 and JS1 linages, whose members are widely 
distributed in anaerobic marine sediments, geothermal environments, anaerobic digesters 
and reactors and petroleum reservoirs. The physiology of this group has only been 
explored through cultivation-independent genomic approaches, due to the lack of 
cultivable members. All Atribacteria members appear to be restricted to anaerobic 
environments with a heterotrophic fermentative or syntrophic metabolism (Nobu et al., 
2016). The phylogenetic distance and obscure physiology of Atribacteria members could 
explain the low similarity level found in the sequences of the bss operon.     
3.5. Which is the hydrocarbon degradation pathway presumably occurring 
in BA-1 oil? 
The overall detection of high abundance of genes involved with anaerobic 
hydrocarbon degradation and syntrophic potential metabolism in the BA-1 metagenome 
and its previous characterization as a degraded oil sample, suggest that biodegradation of 
petroleum hydrocarbons in BA-1 oil well is an anaerobic process coupled to 
methanogenesis. To support this inference, we have provided evidence that the microbial 
community identified perfectly matches the degradation steps of the anaerobic process 
(Figure 8). It is well known that methanogenic oil degradation depends on the activities of 
1) syntrophic bacteria hydrolysing hydrocarbons to H2 and CO2 and acetate, 2) 
hydrogenotrophic methanogens converting H2 and CO2 to methane, and 3) acetotrophic 
methanogens converting acetate to methane (Zengler et al., 1999; Head et al., 2003; Gieg 
et al., 2008; Kryachko et al., 2012). A previous work performed on oil reservoir samples from 
Potiguar Basin in the Northeast Brazil, using 16S rRNA clone libraries, also showed that the 
biodegraded oil sample harboured the microbial groups known to be involved with the 
anaerobic degradation of hydrocarbons via methanogenesis (Silva et al., 2013). 
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Syntrophic hydrocarbon degradation requires effective removal of hydrogen and 
acetate to drive this reaction thermodynamically uphill (Zengler et al., 1999). Essentially, 
members of the Clostridiales and Syntrophobacterales are considered as essential for the 
initial activation of hydrocarbons (Rabus et al., 2016). Besides archaeal members, 
Desulfotomaculum and Pelotomaculum (Clostridiales) and Syntrophorhabdus and 
Syntrophobacter (Syntrophobacterales) were assigned to the initial activation of 
hydrocarbons in the BA-1 metagenome (Figure 8). Later conversion of activated 
hydrocarbons to smaller fermentation products seems to have a higher variety of taxa 
involved in similar abundances, comprising Syntrophobacterales (Smithella), Clostridiales 
(Desulfotomaculum), Synergistales (Thermovirga and Anaerobaculum), Chloroflexi 
(Ornatilinea), Thermotogae (Petrotoga), Bacillales (Bacillus) and some archaeal members. 
The detection of these groups in anaerobic hydrocarbon degradation systems have been 
reported elsewhere, e.g. Smithella (Gray et al., 2011; Cheng, Rui, et al., 2013), Synergistales 
(Cheng, Ding, et al., 2013), Chloroflexi (Liang et al., 2015), Thermotogae (Cheng, Ding, et al., 
2013).  
Acetate conversion to methane and CO2 involves acetoclastic methanogens 
(Methanosarcina, Methanosaeta) while the conversion of H2/CO2 to methane is performed 
by hydrogenotrophic methanogens (e.g. Methanobacterium) (Rabus et al., 2016). Indeed 
Methanosaeta and Methanobacterium-related sequences were found in the acetoclastic 
and hydrogenotrophic pathways, respectively, in BA-1 methagenome (Figure 8). As it has 
been stated, hydrogenotrophic and acetotrophic pathways may coexist (Jiménez et al., 
2016). Hydrogenotrophic and acetotrophic microorganisms have been detected in 
hexadecane-degrading enrichment cultures (Zengler et al., 1999) and genes related to 
hydrogenotrophic and acetotrophic pathways have been identified in oil sand tailing 
ponds (Berdugo-Clavijo et al., 2012; An et al., 2013). In addition, a combination of stable 
isotope fraction, protein-based SIP and metaproteomics in a methanogenic community 
capable of hydrocarbon degradation showed that acetoclastic and hydrogenotrophic 
methanogens were equally labelled, suggesting that acetoclastic and hydroganotrophic 
methanogenesis contributed similarly to substrate consumption (Morris et al., 2012).  
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Figure 8. Schematic representation of the proposed mechanism for anaerobic hydrocarbon 
degradation in the BA-1 oil reservoir and its microbial community involved. Identification at genus 
level was performed in MEGAN using LCA algorithm. The size of the names of the taxa reflects the 
abundance of the genes associated with each genus, thus, bigger letters correspond to more 
abundant affiliated taxa.  
 
The in-depth analysis of the microbial communities in oil reservoirs performed in 
this study allowed us to give the first step towards unveiling the complexity of the 
microbial metabolic processes that take place in oil reservoirs. Metagenomics proved to be 
a useful tool to identify genes related with the hydrocarbon degradation mechanisms and 
the microbial community involved in an degraded oil- system, without the biases from 
preferentially PCR amplifications or cultivation approaches (Jiménez et al., 2016). A careful 
experimental design for the enrichment of the hydrocarbon-degrading community in BA-1 
and BA-2 will prove the accuracy of the potential hydrocarbon-degrading community and 
microbial syntrophic associations in crude oil biodegradation in petroleum reservoirs.  
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4. Conclusions 
This study has shown distinct microbial communities associated with crude oil and 
water fluids from two different petroleum wells. A substantial difference in microbial 
diversity was found between the two oil reservoir samples not only regarding the 
community composition but also the metabolic capabilities for the complete degradation 
of hydrocarbons. Anaerobic hydrocarbon degradation coupled to methanogenesis is 
believed to be the main mechanism leading to the oil biodegradation observed in the 
sample BA-1. In the proposed mechanism for metabolic conversion of hydrocarbons to 
methane, Syntrophobacteraceae and Clostridiales are the main players for activation of 
hydrocarbons. In the later reactions, a wide variety of bacterial taxa seem to be involved in 
syntrophic associations, comprising Syntrophobacterales, Clostridiales, Synergistales, 
Chloroflexi and Thermotogae. Opposite to BA-1, the non-degraded BA-2 reservoir sample, 
showed a dominance of Gammaproteobacteria and Clostridia and low abundance of 
genes for anaerobic hydrocarbon degradation. The hydrocarbon degrading genes were 
not found to be associated with the dominant taxa in the metagenome, therefore, the role 
of the dominant microorganisms in this reservoir sample remains to be revealed.  
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Chapter 3: Crude oil anaerobic biodegradation by indigenous 
microorganisms from oil reservoirs 
 
 
Microorganisms living in oil. A) Liquid oil and gas bubbles in the oil surface. B) Phase 
contrast micrograph of water from a droplet that had been enclosed in oil containing 
distinct microbial cells (black ellipsoids) from Meckenstock et al., (2014) . 
  
  
 
141 
1. Introduction 
Petroleum reservoirs were long considered inhospitable environments to the 
existence of life. The in situ conditions of temperature, pressure, salinity, anoxia, high 
toxicity, deficiency of nutrients and electron acceptors appear to recreate this hostile 
environment. However, the recent advances in culturing and molecular biology 
techniques, the discovery of anaerobic hydrocarbon oxidation and the awareness of the 
ability of microorganisms to colonize, survive and grow in deep surface environments, shift 
the paradigm of the sterile oil reservoir habitat (Foght, 2010).  
Today, the presence of anaerobic microorganisms is generally accepted in oilfields 
and it is believed they are the key catalysts of the oil biodegradation in deep petroleum 
reservoirs (Head et al., 2003). The broad diversity of physiological, taxonomic and 
functional groups of anaerobes have been discussed in the previous chapters and appears 
to continually reveal novel bacterial and archaeal species (Gieg et al., 2010).  
Previous studies suggest that anaerobic microorganisms, mainly sulphate reducers 
and methanogens, are responsible for biodegradation occurring in the oil-water contact 
zone in oil fields. In contrast, the overlying crude oil is widely conceived as a harsh 
environment for microbes. However, increasing evidence has revealed the presence of 
microorganisms in the crude oil itself. Recently, Meckenstock and co-workers (2014) 
revealed the presence of microbiologically active organisms living in minuscule water 
droplets entrapped in oil from Pitch Lake, Trinidad and Tobago, the world largest asphalt 
deposit. 
Despite the overwhelming biogeochemical evidence that crude oil biodegradation 
occurs in deep petroleum reservoirs and the widespread detection of anaerobes in such 
systems, little is known about the associated microbial populations using oil hydrocarbons 
under the prevailing conditions (Gieg et al., 2010). Even with the recognition of petroleum 
as the most important “primary energy” source and the knowledge that most of the oil 
reservoirs have been biodegraded by microbial activity over geological time, a 
phenomenon that leads to negative economic consequences for oil production and 
refining operations (Head et al., 2003), microorganisms and factors involved in degradation 
process of crude oil hydrocarbons are still not fully understood. 
Most studies on anaerobic hydrocarbon degradation of oil components have been 
conducted using near surface sediments as inoculums at mesophilic temperatures (Jones 
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et al., 2008). However, little information is available on the degradation of samples from oil 
reservoirs (Gieg et al., 2010, Wang et al., 2011) using in situ temperatures (Gieg et al., 2010; 
Mbadinga et al., 2012) and the indigenous microbiota.  
Oil reservoirs vary considerably in terms of in situ conditions, such as temperature, 
pressure and salt concentration, as well as electron acceptors available (Mbadinga et al., 
2012). Temperature has been considered to play the main role in controlling microbial 
biodegradation in oil reservoirs. However, in such subsurface systems high salt 
concentrations may also be a key factor determining microbial growth. Thus, a plausible 
interaction between temperature and salinity has been proposed to explain the 
occurrence of non-degraded petroleum reservoirs that have never been exposed to the 
threshold temperature of 80ºC, thought to be responsible for reservoir pasteurization 
(Head et al., 2014).  
In this chapter, anaerobic microcosms were prepared using oil fluids from the two 
reservoirs (BA-1 and BA-2) as inoculum aiming to evaluate the potential of indigenous 
microorganisms to anaerobically degrade crude oil under methanogenic and sulphate-
reducing conditions. The influence of temperature and salinity was tested to determine 
their combined effect on anaerobic crude oil degradation, addressing the environmental 
limits of anaerobic biodegradation.  
 
2. Results 
A total of 128 laboratory microcosm experiments were set up to explore salinity and 
temperature effects on crude oil degradation under sulphate-reducing or methanogenic 
conditions by the indigenous microbiota from oil samples. As already known, anoxic 
biodegradation processes are slow and often show very long apparent lag phases of six 
months to one year (or even longer) before significant biodegradation is initiated (Plugge, 
2005). Therefore, these are ongoing experiments at Newcastle University, accounting for 
more than 600 days in October/ 2016. Here, we present the results obtained so far.  
2.1. Methanogenic microcosms 
A total of 64 methanogenic microcosms were prepared using oil from BA-1 and the 
oil and formation water mixture from BA-2 at different salinity and temperature conditions. 
Methane production has been monitored periodically in collaboration with members of 
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the research group of Prof. Ian Head. So far, methane has been detected in the microcosms 
inoculated with BA-1 sample but not in the BA-2 sample. 
Figure 1 shows the cumulative production of methane in microcosms implemented 
with BA-1 oil sample. Black arrows represent the sampling points for DNA and RNA 
extractions performed for the active microcosms. The highest rates were evident at the 
lowest salinity condition (15 gl-1) and incubated at the BA-1 sample in situ temperature (50 
ºC) (which are the same conditions used in the enrichment cultures), followed by the 
incubations at 40 ºC at the same salinity condition (Figure 1A). After 250 days of 
incubation, methane became evident at 60 gl-1 salinity in the in situ temperature (50 ºC), 
but not at the lower or higher temperatures (40 or 70 ºC). At the highest salinity (120 gl-1) 
methane has not been detected in any temperature tested. Moreover, no methanogenic 
activity has been detected at the highest temperature (70 ºC) so far. 
On the other hand, microcosms inoculated with the BA-2 oil sample have not 
shown any methanogenic activity so far (Figure 2).  
 
 
 
 
 
 
 
 
 
Figure 1. Monitoring of methane production in microcosms inoculated with BA-1 oil sample at 
different salinities and temperatures. (A) 15 gl-1 salinity; (B) 60 gl-1 salinity; (C) 120 gl-1 salinity. (KC) 
kill controls; (Enr) Enrichment (incubation temperature 50 ºC). Error bars show standard deviation 
(n=3). Black arrows indicate sampling points for DNA and RNA extractions.  
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Figure 2. Monitoring of methane production in microcosms inoculated with BA-2 fluids (water and 
oil) at different salinities and temperatures. (A) 15 gl-1 salinity; (B) 60 gl-1 salinity; (C) 120 gl-1 salinity. 
(KC) kill controls; (Enr) Enrichment (incubation temperature 50 ºC). Error bars show standard 
deviation (n=3). Red arrows indicate sampling points for DNA and RNA extractions. 
2.2. Sulphate-reducing microcosms 
A total of 64 sulphate-reducing microcosms inoculated with BA-1 and BA-2 oil 
samples were set up under the same salinity and temperature conditions evaluated in 
methanogenic microcosms. The sulphate consumption activity has been monitored in 
sulphate-reducing microcosms for 500 days so far (Figure 3-4). No significant sulphate 
reduction activity has been detected in most of the microcosms inoculated with either BA-
1 or BA-oil sample. Only microcosms inoculated with BA-1 oil sample and incubated at 15 
gl-1 salinity and 50 °C (in situ temperature), and microcosms inoculated with BA-2 oil 
sample and incubated at the lowest temperature (40 ºC) and salinity (15 gl-1) have shown a 
decrease in the concentration of sulphate (Figure 3). Nonetheless, longer incubation 
periods are required to determine if sulphate-reduction activities are significant according 
to the different conditions.  
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Figure 3. Sulphate consumption in sulphate-reducing microcosms inoculated with BA-1 and BA-2 
oil samples. (A) BA-1 sample at lowest salinity condition (15 gl-1); (B) BA-2 sample at lowest salinity 
condition (15 gl-1); (C) BA-1 sample at sea water salinity condition (35 gl-1); (D) BA-2 sample at sea 
water salinity condition (35 gl-1); (KC) killed controls. Error bars show standard deviation (n=3).  
 
 
 
 
 
 
 
 
 
Figure 4. Sulphate consumption in sulphate-reducing microcosms inoculated with BA-1 and BA-2 
oil samples. (A) BA-1 sample at the highest salinity condition (120 gl-1); (B) BA-2 sample at highest 
salinity condition (120 gl-1); (KC) killed controls. Error bars show standard deviation (n=3).  
 
 
2.3. Oil hydrocarbon analysis 
Total hydrocarbon composition analysis was performed on the oil samples that 
arrived in Newcastle in order to determine the oil composition at the beginning of the 
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microcosms experiments. Gas chromatograms of total hydrocarbon fraction extracted 
from BA-1 and BA-2 oil samples showed a very different oil composition and degradation 
level (Figure 5). In congruence with the hydrocarbon composition observed in the chapter 
1, BA-1 oil is clearly highly degraded (Figure 5A), in contrast with BA-2 oil which has a full 
suite of n-alkanes, considered the first compound class to be removed during sub-surface 
degradation (Figure 5B). Gas chromatography coupled with mass spectrometry (CG-MS) 
and total ion chromatography (TICs) showed that BA-1 oil is dominated by an unresolved 
complex matter. However, m/z 57 selected ion chromatograms (SICs) showed still the 
presence of some alkanes in small amounts (compared with the added standards).  
 
Figure 5. Gas chromatograms of total hydrocarbon fractions from BA-1 and BA-2 oil samples. 
Degradation level is evident in sample BA-1 (A) compared with sample BA-2 (B). Squalene and 1,1’-
Binaphthyl were added as internal standards.    
 
This information on oil composition at the initial phase of the microcosms setup will 
be of great relevance to detect and compare changes in oil composition in active 
methanogenic and sulphate-reducing microcosms at the end of the incubation period. 
Despite the finding that the BA-2 oil has a full suite of n-alkanes, we have not 
detected methanogenic or significant sulphate-reducing activity in the microcosms 
inoculated with this sample. Possible explanations would be: i) a longer lag phase needed 
for indigenous microbiota in BA-2 oil to start biodegradation (compared to BA-1 
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microbiota); ii) a potential inhibition effect caused by volatile hydrocarbons (nC5-nC10), 
reported previously in the headspace of methanogenic microcosms (Sherry et al., 2014); iii) 
the sterile nature of the oil/water sample caused by in situ higher temperature and salinity 
conditions in this oil system or iv) the low potential in the microbiota for anaerobic 
hydrocarbon degradation, methanogenesis and syntrophism observed in the metageomic 
data (chapter 2). Therefore, we still need a longer monitoring period in order to determine 
the metabolic ability of BA-2 microbiota to degrade oil.  
2.4. Microbial cell visualization  
Several microbial cells with different morphologies were observed under the 
epifluorescence microscope using 1 ml-aliquot (no dilution) of BA-1 oil methanogenic 
enrichment. Despite the cell numbers are still low, microphotographs (Figure 6) showed 
the presence of microbial cells in the medium derived from the oil sample after 96 days of 
incubation.  
 
 
 
 
 
 
 
 
Figure 6. Detection of diverse microbial morphologies in BA-1 oil enrichment culture at day 96 
using SYBR-Gold stain. 
 
2.5. DNA and RNA extractions from active anaerobic microcosms  
As described above, the black arrows in Figure 1 represent the sampling points when 
microcosm aliquots were taken at the Newcastle University and sent to our laboratory for 
total DNA and RNA isolation and further sequencing. The volumes of the microcosm 
samples and subsequent manipulation are described in the Experimental procedures 
section 4.3.1 and 4.3.2. The resulting pellets were sent to Brazil in dry ice on 9th December, 
arriving at the CPQBA on December 29th, 2015.  
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Total DNA extractions were performed as described in Experimental procedures 
section 4.3.1 for 13 samples from enrichments at 250 and 363 days and from microcosms 
at 250 days at the lowest salinity (15 gl-1) incubated at 50 and 40 ºC and from microcosms 
from seawater salinity (60 gl-1) incubated at 50 ºC. Total RNA extraction and double 
stranded cDNA synthesis was performed as described in Experimental procedures section 
4.3.2 for the enrichment cultures at 363 days. Table 1 shows the DNA and cDNA yields 
obtained as well as the quantification of accumulative methane in those enrichments and 
microcosms selected for microbial community analysis.  
DNA and cDNA were subjected to shotgun sequencing in Illumina HiSeq 2500, 
paired end libraries 2 x 100 bp at Centro de Genomica functional USP, Piracicaba, SP. The 
resulting sequence data will be further analysed with bioinformatics tools and will unravel 
the microbial community in the active microcosms, as well as the degradation pathways 
being expressed and the differences between the microbiota and pathways used by 
microorganisms at different salinity and temperature conditions.  
 
Table 1. Quantification of DNA, cDNA and methane obtained from the active microcosms 
inoculated with BA-1 oil sample, which were selected for further microbial community analysis. 
 
(-) Not performed; (Too low) low concentration (out of range of sensitivity: 0,2 -100 ng). 
Cumulative	
methane	after	250	
days	(mmol)
Concentration	of	
DNA	extracted	day	
250	(ng/ul)
Cumulative	
methane	after	363	
days	(mmols)
Concentration	of	
DNA	extracted	day	
363	(ng/ul)
Concentration	of	
cDNA	extracted	
day	363	(ng/ul)
Enrichment	1													
Salinity:	15gL-1	
Temperature:	50oC	
Enrichment	2										
Salinity:	15gL-1	
Temperature:	50oC	
Salinity:	15gL-1	
Temperature:	50oC		R1
Salinity:	15gL-1	
Temperature:	50oC		R2
Salinity:	15gL-1	
Temperature:	50oC		R3
Salinity:	60gL-1	
Temperature:	50oC		R1
Salinity:	60gL-1	
Temperature:	50oC		R2
Salinity:	60gL-1	
Temperature:	50oC		R3
Salinity:	15gL-1	
Temperature:	40oC		R1
Salinity:	15gL-1	
Temperature:	40oC		R2
Salinity:	15gL-1	
Temperature:	40oC		R3
6,27 0,186 5,6 0,37 0,268
6,6 0,43 4,85 0,18 1,7
2,83 0,288 - - -
2,85 0,188 - - -
0,09 Too	low - - -
2,7 0,126 - - -
0,09 Too	low - - -
3,16 0,071 - - -
2,95 0,12 - - -
2,13 0,392 - - -
2,74 0,086 - - -
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3. Discussion  
As far as we know, this is the first time that methane production has been detected in 
microcosms inoculated only with reservoir oil (no water). In addition, these data suggest 
that methane is derived from the metabolism of oil substrates by the reservoir indigenous 
microbes, since growth was demonstrated for the in situ temperature of 50oC.  
Critically for BA-1 methanogenic oil degrading consortium activities were shown to 
be maximum at the in situ reservoir temperature (50 ºC) and were lower in lower 
incubation temperature (40 ºC) and zero in the higher temperature (70 ºC). This finding 
suggests that oil samples can harbor thermophilic indigenous microbiota with 
hydrocarbon degrading metabolism adapted to the in situ conditions. With respect to the 
effect of salinity, the highest methanogenic activities were detected in the lowest salt 
concentration (15 gl-1), which is lower than that observed in situ (45 gl-1). In 60 gl-1 of 
salinity, methanogenic activity was also detected only at in situ temperature and at the 
highest salinity tested (120 gl-1) there is no evidence of methanogenesis yet. Longer 
incubation period will be required to determine the salinity and temperature constraints 
for degradation activity in microbial communities in the microcosms. In contrast to the 
activity detected in BA-1, no methanogenic activity has been detected in the BA-2 oil 
microcosms so far, which is consistent with the observation (based on hydrocarbon 
analysis) that this reservoir is not actively degrading oil in situ.  
Surprisingly, methane production rates observed in BA-1 enrichment were faster 
when compared with the methanogenic microcosms reported in the literature for n-alkane 
amended microcosms inoculated with production waters from a high temperature 
reservoir (55ºC) by Mbadinga and collaborators (2012). Methane production in BA-1 oil 
microcosms occurred at a rate of 1.6 µmol methane ml-1 day-1. In contrast, generated at a 
lower rates in Mbadinga et al. (2012) calculated in 19.2 nmol methane ml-1 day-1 in 
microcosms using production waters as inoculum and incubated at high temperatures and 
in Gieg et al. (2010) estimated rate of 190 nmol methane ml-1 day-1 in active methanogenic 
enrichments transfers amended with crude oil. These results show that specifically the 
indigenous microbial community of BA-1 oil reservoir has a great potential for conversion 
of oil components to methane either because of faster growth rates in the enrichment 
media or because of higher intrinsic numbers enriched within the reservoir itself.  
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4. Conclusions 
In this chapter we provided evidence of the potential in situ anaerobic 
methanogenic oil degradation in the BA-1 sample from Miranga oilfield, in Brazil. 
Methanogenic activity was unexpectedly faster compared to the model system River Tyne 
in Newcastle (data not shown) and other microcosm studies with production waters from 
thermophilic oil reservoirs. Higher rates of methanogenic activities were observed at the in 
situ temperature condition in the BA-1 oil well (50 ºC) and the lowest salinity (15 gl-1). 
However, methane production has been also detected at 60 gl-1 salt concentration and in 
situ temperature of the reservoir (50 ºC). On the other hand, methanogenic activity 
seemed to be inhibited at 70 ºC. However, further monitoring will determine the salinity 
and temperature constraints for the BA-1 oil system. In sulphate reduction conditions, 
activity in BA-1 and BA-2 oil microcosms seems to occur at the lowest salinity for 
incubations at 50 ºC and 40 ºC, respectively. But no significant sulphate reduction was 
evident under any condition. Low sulphate consumption rate may indicate a 
predominance of methanogenesis over the sulphate reducing metabolism in the studied 
oil reservoirs. It is worth to mention that the potential of the microbial community in the 
BA-1 sample for the conversion of oil components to methane was previously inferred 
from oil composition in Chapter 1 and microbial taxonomic and functional profiles in oil 
samples examined in Chapter 2. In addition, these results indicate that we have 
successfully cultivated the microbial consortium from crude oil which is capable of 
metabolizing petroleum hydrocarbons to methane in the BA-1 oil well. Further 
characterization of the microbial members and the pathways involved will contribute to 
the understanding of the actual process of microbial biodegradation in petroleum 
reservoirs. 
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CHAPTER 4: First insights into the taxonomy and 
physiology of the dominant microbial taxa inhabiting oil 
reservoirs 
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1. Introduction 
As discussed in the previous chapter, hydrocarbon degradation in methanogenic 
microbial communities from reservoir samples has been proven in several microcosm 
studies (Gray et al., 2009; Mbadinga et al., 2012a; Gieg et al., 2010, 2008; Mayumi et al., 
2011). However, it is well known that cultivation approaches may result in a biased 
representation of active or highly abundant microorganisms (Amann et al., 1995), since 
biochemical conditions in laboratory microcosms usually differ from the in situ conditions 
(Jiménez et al., 2016).  
Over the past two decades, cultivation-independent methods have been applied to 
overcome the limitations imposed by culture-dependent approaches and have allowed 
the detection of a wide variety of microorganisms from many oil reservoir environments, 
mainly by 16S rRNA gene-based approaches (Orphan et al., 2000; Kobayashi et al., 2012; 
Pham et al., 2009; Voordouw et al., 1996; Dahle et al., 2008; Li et al., 2007, 2012) (Most of 
them reviewed in Chapter 1). Although these studies have greatly enriched our knowledge 
on microbial diversity in these environments, they are limited in addressing the function of 
major players and many of these organisms have never been cultivated (Jiménez et al., 
2016). 
Metagenomics is the study of organisms in a microbial community based on the 
analysis of the collective genomes recovered directly from an environmental sample (Van 
Dijk et al., 2014). The use of metagenomics have allowed to explore the non-cultivated taxa 
with yet completely unknown functions (Rappé and Giovannoni, 2003). According to 
Simon and Daniel (2011), “metagenomics has revolutionized microbiology by paving the 
way for a cultivation-independent assessment and exploitation of microbial communities 
present in complex ecosystems”. Thanks to the rapidly decreasing cost of revolutionary 
next-generation sequencing technologies, metagenomics have allowed to discover and 
characterize new bacterial candidate divisions (Rinke et al., 2013; Eloe-Fadrosh et al., 2016) 
and to reconstruct microbial genomes via metagenome assembly and binning (Albertsen 
et al., 2013; Sangwan et al., 2016), offering novel insights into the microbial functions and 
metabolic pathways involved in complex microbial systems (Ju and Zhang, 2015).  
Although metagenomics has been extensively used for environmental studies of 
microbial communities, few shotgun metagenomic analyses have been performed directly 
from the total DNA isolated from oil field samples (Kotlar et al., 2011; Lewin et al., 2014; An 
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et al., 2013). These studies have analysed relatively small metagenomic datasets. The first 
two studies were performed in two deep subsurface, high temperature oil reservoirs in 
Norway, using pyrosequencing and obtaining 14-17 Mbp (Kotlar et al., 2011; Lewin et al., 
2014). The authors reported that microbial communities were mostly represented by 
methanogenic archaea, sulphate-reducing and fermentative bacteria and concluded in 
their downstream analysis that the two oil wells contained genetically similar organisms 
but at different relative abundances. Another metagenomic study was carried out on 
several hydrocarbon-containing samples, including tailing ponds, coal beds and 
production waters from two oil reservoirs (An et al., 2013). The authors found a surprisingly 
high abundance of aerobic-related genes and taxa in most of the samples, nevertheless, oil 
reservoir metagenomes (< 17 Mbp dataset) were the most anaerobic surveyed 
environments. In a previous study in our group, function-driven metagenomics was 
applied to detect hydrocarbon degradation activities and further sequencing revealed that 
fosmid clones contained a set of genes belonging to fragmented gene clusters for aerobic 
and anaerobic degradation pathways (Sierra-García et al., 2014). 
In this chapter, shotgun metagenomic sequencing data from the BA-1 and BA-2 
petroleum samples examined in Chapter 2 were analysed using a metagenomics-based 
approach combining assembly and binning in order to determine the dominant microbial 
community members which will be further investigated to decipher the functional 
capabilities and roles of specific organisms in the oil field.  
 
2. Results and discussion 
The contigs from the most abundant and well assembled lineages in the BA-1, BA-2 
and BA-2-W metagenomes were submitted to the analysis of their tetranucleotide 
composition using ESOM (Ultsch and Mörchen, 2005). In general, clearly differentiated 
consortia were observed among the different metagenomes, and BA-1 was showed to be 
the most complex community. 
2.1. BA-1 oil metagenome 
All the dominant members identified in BA-1 oil metagenome corresponded to 
anaerobic microorganisms (Figure 1). Approximately 18 genomes were recovered, where 6 
and 10 corresponded to bacterial and archaeal lineages, respectively. This is consistent 
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with the whole metagenomic dataset analysis, which showed a prevalence of archaea over 
bacteria in BA-1 sample (Chapter 2). Interestingly, two genome clusters were not classified 
in the IMG pipeline, and possibly further analysis including assembly and genome 
composition will resolve the phylogenetic assignment for these genome sequences.  
The archaeal taxa identified at the genus level in the BA-1 metagenome were 
mostly acetoclastic methanogens: Methanosaeta concilii, Methanosaeta harundinaceae and 
two other lineages belonging to the genus Methanosaeta, whereas only one 
hydrogenotrophic archaea was identified: Methanolinea tarda. This is consistent with 
previous results described in Chapter 2, which showed that both hydrogenotrophic and 
acetotrophic pathways were abundant in the BA-1 metagenome, in contrast 16S RNA 
clone libraries failed to detect Methanosaeta in BA-1 sample. Although the metabolism of 
the other archaeal lineages need to be explored, these results suggest that acetotrophic 
and hydrogenotrophic methanogens can actually coexist, although the predominance of 
the acetotrophic methanogens is indicative that likely the methane is being mainly 
produced by the acetate pathway. 
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Figure 1. ESOM of genomic sequence fragments based on tetranucleotide frequency (10-kb 
window size; all contigs > 30 kb were considered) of the BA-1 metagenome. Note that the map is 
continuous from top to bottom and side to side (tiles). Each point represents a sequence fragment; 
colored according with taxonomic identity. Numbers correspond to the specific lineage identified 
and detailed in the bottom. Letters after the listed taxa names indicates the taxonomic 
classification, (Ph) phylum, (Dom) domain, (Cl) class, (O) order, (Fam) family, (G) genus, (Sp) specie. 
(?) Not defined so far. The outline of the colored clusters in the figure indicates large differences in 
tetranucleotide frequency and thus represent natural divisions between taxonomic groups 
 
Regarding the bacterial community structure, consistent with the 16S rRNA 
bacterial clone libraries, BA-1 showed high diversity. However, using the current binning 
approach, two candidate phyla were identified as two of the dominant members of the 
BA-1 oil community: Microgenomates and Atribacteria. It is interesting that Atribacteria 
members were identified in previous analysis (Chapter 2) as the organisms containing the 
putative benzylsucccinate synthase (bss) gene for hydrocarbon activation. Therefore, the 
role of Atribacteria in this community could be associated with hydrocarbon activation. 
Atribacteria and Microgenomates were also detected in a recent metagenome analysis in 
two production water samples from oil reservoirs in Alaska (Hu et al., 2016). Furthermore, 
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other bacterial genome clusters at the species level, Thermovirga lienii (Synergistaceae) 
and Anaerolinea thermophila (Chloroflexi), and at family level, Synergistaceae and 
Clostridiaceae, were identified. All these taxa were also identified in the metagenomic 
analysis in Alaskan oil reservoirs (Hu et al., 2016). Interestingly, Methanosaeta and 
Chloroflexi (Anaerolinaceae) have been found dominating an alkane-degrading 
enrichment culture from oil sludge dating 6 years old (Liang et al., 2015). The authors 
demonstrated the occurrence of Anaerolinaceae in several oil and hydrocarbon 
environments and suggested that Anerolinaceae might have an important role in the 
fermentation and oxidation of alkanes. Considering that most Chloroflexi members are 
anaerobic acetogenic microbes (Hug et al., 2013), it is not surprising that the co-occurrence 
with Methanosaeta is a result of the ability of Anaerolinaceae to provide acetate (or other 
organic acids) for Methanosaeta to consume (Liang et al., 2015). The relevance of the other 
bacterial members identified in BA-1, as Clostridia and Synergistales, in anaerobic 
hydrocarbon degradation associated with petroleum reservoirs has been reported (Gieg et 
al., 2010; Mbadinga et al., 2012b; Cheng et al., 2013) and previously discussed in Chapter 2.  
2.2. BA-2-W (water phase) metagenome  
According to the previous observations on the taxonomic composition of the water 
phase of the BA-2 oil well (Chapter 2), the microbial community was dominated by 
bacteria over archaea. In this binning-based analysis, only a methanogenic archaea within 
the Methanomicrobia class was identified. Methanomicrobia members were also identified 
in BA-2-W through 16S rRNA clone libraries in Chapter 1 and in the whole metagenome 
dataset analysis in Chapter 2. However, bacterial composition detected with the binning 
approach included twice the number of phyla detected using 16S RNA clone libraries. The 
eight phyla identified in this approach included: Synergistetes, Spirochaetes, Chloroflexi, 
Deferribacteres, Thermotogae, Firmicutes, Bacteroidetes and Proteobacteria, whereas 16S 
rRNA clone libraries detected four phyla (Proteobacteria, Bacteroidetes, Firmicutes and 
Chloroflexi).  
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Figure 2. ESOM of genomic sequence fragments based on tetranucleotide frequency (7-kb 
window size; all contigs > 20 kb were considered) of the BA-2-W metagenome. Note that the map 
is continuous from top to bottom and side to side (tiles). Each point represents a sequence 
fragment; colored according with taxonomic identity. Numbers correspond to the specific lineage 
identified and detailed in the bottom. Letters after the listed taxa names indicates the taxonomic 
classification, (C) class, (O) order, (G) genus, (Sp) specie. (?) Not defined so far. The outline of the 
colored clusters indicate large differences in tetranucleotide frequency and thus represent natural 
divisions between taxonomic groups  
 
Comparing the binning analysis in BA-1 and BA-2-W, the latter yielded a higher 
number of bacterial taxa. Consistent with the predictions in the chapters 1 and 2, which 
showed that this sample was dominated by Alteromonadaceae (Gammaproteobacteria) 
and by the 16S rRNA sequences from species of Marinobacter (61%) and Marinobacterium 
(19%) in the Chapter 1, the binning analysis allowed the recovery of partial genome 
sequences from one Marinobacter pelagius and two Marinobacterium (Marinobacterium 
sediminicola and Marinobacterium sp.). Marinobacterium sediminocola was first isolated in 
2009 from marine sediments in China and showed growth up to 42 ºC (Huo et al., 2009). 
Marinobacter species are ubiquitous in marine environments, some species isolated from 
oil reservoirs have shown oil degradation abilities (Huu et al., 1999). The presence of 
Marinobacter species in oil samples was discussed before (Chapter 1). Recently, it has been 
considered that due to the their ubiquity and capacity for hydrocarbon degradation, it is 
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likely that the mesophilic Marinobacter lineages can be introduced even in high 
temperature oil reservoirs where they can survive in well-bore regions where temperatures 
are lowered (Liebensteiner et al., 2014). However Marinobacter and Marinobacterium were 
the only facultative aerobic organisms identified in BA-2-W. Several bacterial taxa were 
common between BA-1 and BA-2-W metagenomes: Thermovirga lienii, Aminobacterium 
(Synergistetes), Anaerolinea thermophila (Chloroflexi) and Clostridia. Thermovirga lienii is 
the only species within the genus and consists of thermophilic bacteria isolated from a 
North Sea oil well (Dahle and Birkeland, 2006). Aminobacterium has been isolated from 
anaerobic digesters (Baena et al., 2000) but has been also associated with high 
temperature oil reservoirs (Magot et al., 2000). Two members of the Spirochaetes phylum 
were dominant in BA-2-W: Spirochaeta and Sphaerochaeta globosa. Bacteria belonging to 
these taxa have been detected in oil reservoirs (Magot et al., 1997; Tang et al., 2012) and 
Spirochaeta members have been shown to participate in hydrocarbon degradation 
(Berdugo-Clavijo et al., 2012; Kobayashi et al., 2012; Liang et al., 2015).  
Deferribacterales (Flexistipes sinusarabici) and Thermotogae (Marinitoga piezophila) 
members were also identified and have been also reported in high temperature oil-
degrading enrichments (Gieg et al., 2010), and Bacteroidales class has been found in high 
abundances in oil reservoirs in Malaysia (Li et al., 2012). Halanaerobium saccharolyticum 
was already detected in a high temperature reservoir from the North Sea (Dahle et al., 
2008) and is characterized for fermenting carbohydrates with production of H2, CO2 and 
acetate (Kivistö et al., 2013). 
2.3. BA-2 oil metagenome 
BA-2 oil metagenome showed a less diverse microbial community, dominated by 
bacteria (Figure 3), which is consistent with the taxonomic diversity results obtained in 
previous chapters. Only two genome fragments from archaea were extracted, belonging 
to Methanothermobacter (Methanothermobacter thermautotrophicus) and to unclassified 
Euryarchaeota. The overall bacterial community was common between the water and oil 
phases of BA-2. Three different genome lineages were obtained belonging to Thermovirga 
lienii (Synergistetes), which differed in abundance with respect to the water phase. 
Anaerolinea thermophila, Marinobacterium sedimicola, Marinobacter pelagius and 
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Halanaerobium were also identified as dominant members in the BA-2 oil phase, which is 
in agreement with the taxa in BA-2-W. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. ESOM of genomic sequence fragments based on tetranucleotide frequency (10-kb 
window size; all contigs > 30 kb were considered) of the BA-2 oil phase metagenome. Note that the 
map is continuous from top to bottom and side to side (tiles). Each point represents a sequence 
fragment; colored according with taxonomic identity. Numbers correspond to the specific lineage 
identified and detailed in the bottom. Letters after the listed taxa names indicates the taxonomic 
classification, (Ph) phylum, (Sp) specie. (?) Not defined so far. The outline of the colored clusters 
indicate large differences in tetranucleotide frequency and thus represent natural divisions 
between taxonomic groups  
 
3. Conclusions and further work 
The metagenomic-binning approach applied for the oil reservoir samples aimed at 
the identification of the most dominant members of the microbial community. Further 
detailed functional analysis of the genome fragments recovered will contribute to the 
understanding of the oil reservoir system. Although whole shotgun metagenomics and 
16S rRNA gene clone libraries were applied previously to investigate these samples, the 
metagenomic-binning approach enabled a higher taxonomic resolution and allowed the 
identification of candidate phyla and so far-unclassified genomes. Further metabolic and 
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genome-scale analyses shall reveal the role of each of the most dominant members in such 
communities. Generally, we observed that thermophilic bacteria were more abundant in 
the BA-2 oil reservoir, which has the higher in situ temperature (60 ºC in comparison with 
50 ºC in BA-1). In addition, we observed that the water phase showed a more diverse 
bacterial community in comparison with the oil phase of the same oil reservoir. A 
fermentative metabolism coupled with methanogenesis is likely to be the mechanism for 
hydrocarbon degradation in BA-1 oil reservoir. Whether some candidate phylum also play 
a role in this process is still uncertain. The data showed in this chapter represent a 
preliminary analysis, which provides the first insights into the dominant organisms in oil 
reservoirs and will be completed in the future with the prediction of the functional roles of 
its members. 
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Conclusions  
At the beginning of this thesis work (Chapter 1) we addressed our efforts to 
investigate if there were differences in the structure and composition between the 
microbial communities inhabiting degraded and non-degraded petroleum reservoirs and 
we established a comparative analysis of the microbial diversity among several petroleum 
reservoirs worldwide in order to explore if similar environmental conditions might shape 
similar microbial communities. Results showed that the phylogenetic microbial 
composition was very different between the degraded (BA-1) and non-degraded (BA-2 and 
ATL) oil samples. The bacterial community from the degraded oil was more diverse than 
the one in non-degraded samples, which were overwhelmingly dominated by 
gammaproteobacterial sequences with a predominance of the genera Marinobacter and 
Marinobacterium. Even though we have tried to collect as much environmental data from 
the published studies on oil reservoir microbial diversity, there was a limitation in the 
number of parameters we could obtain, mainly due to the absence of standardized 
parameters for microbiological studies on such samples. Despite this limitation, we 
observed correlation in the distribution of microbial taxa with the temperature and depth 
rather than the geographical distance. Some groups as Epsilonbacteria and 
Deltaproteobacteria were common in shallow, low-temperature petroleum reservoirs, 
whereas Clostridiales and Thermotogales were more abundant in deeper and high 
temperature oil reservoirs. In addition, we were able to determine a common microbiome 
(core microbiome) composed by the bacterial classes Gammaproteobacteria, Clostridia e 
Bacteroidia and the archaeal class Methanomicrobia, which are probably integrating the 
main functions in this deep biosphere ecosystem.  
Further metagenomic analyses corroborated the differences in microbial 
composition between the degraded (BA-1) and non-degraded (BA-2) oil samples, and also 
evidenced some differences between the formation water and oil phase of the BA-2 
sample (Chapter 2). Furthermore, consistent with the distinct microbial communities in the 
two oil reservoir systems, differences in the metabolic potential for the degradation of 
hydrocarbons were detected. Abundance of genes known to be involved in the anaerobic 
mechanisms for hydrocarbon degradation, as well as methanogenesis and syntrophy, 
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were higher in the BA-1 sample. In contrast, a high proportion of genes from aerobic 
degradation pathways were detected in the BA-2 sample. Consequently, the anaerobic 
hydrocarbon degradation pathway coupled to methanogenesis is believed to be the main 
mechanism leading to biodegradation of crude oil observed for the BA-1 sample in the 
Chapter 1. The potential for conversion of crude oil to methane predicted in the 
metagenomic sequence dataset of the BA-1 microbiota was then proved through the 
detection of methane in anaerobic enrichment cultures from the BA-1 oil only (Chapter 3). 
Three different conditions used for the methanogenic microcosms from the BA-1 sample 
showed enhanced levels of methane compared to the controls, demonstrating the 
consumption of petroleum hydrocarbon components. The conditions of these active 
enrichments were: i) the lowest salinity (15 gl-1) incubated at 40 ºC, ii) the lowest salinity (15 
gl-1) incubated at 50 ºC, and iii) the medium salinity (60 gl -1) incubated at 50 ºC. But the 
highest methane production was detected for the lowest salinity (15 gl-1) incubated at the 
in situ temperature (50 ºC). Also, this work showed that no methane production was 
detected for the enrichments from the BA-2 microbiota under any condition tested, which 
is consistent with the observations based on hydrocarbon analysis (Chapter 1) and on 
metagenomic analysis (Chapter 2), which showed that this reservoir is not actively 
degraded in situ and do not have prevalence of anaerobic mechanisms. Further, these 
results provided evidence that petroleum reservoirs can harbour a microbiota able to 
metabolize crude oil components to methane. 
In addition, this thesis work proposed the mechanism for hydrocarbon degradation 
and its associated microbiota in the BA-1 oil reservoir based on the metagenomic data 
(Chapter 2). The suggested mechanism involves Syntrophobacterales and Clostridiales as 
the main hydrocarbon activating-organisms and a wide variety of bacterial taxa such as 
Synergistales, Clostridiales, Syntrophobacterales, Chloroflexi and Thermotogae in the 
syntrophic associations with methanogenic archaea. These results contrasted with the 
ones obtained for the community composition in several hydrocarbon resources 
environments, suggesting that in near surface environments microbial communities 
responsible for hydrocarbon degradation might be different from the ones in deep surface 
environments such as oil reservoirs. However the analysis of the active microcosms in the 
Chapter 3 will reveal if predictions of the microbial community involved in the 
hydrocarbon degradation are the same as obtained from the metagenomic data.  
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In Chapter 4, new methods for microbial community analysis from metagenomic 
data such as binning were applied, providing the first insights into the genome content of 
the dominant organisms in oil reservoir samples. As this method allowed the precise 
identification at species level of several organisms or even new candidate phyla in the 
samples, it is likely that the information gained through this method and the ongoing 
genome-scale functional analysis will be of extreme importance in assigning the specific 
contribution of each member of the community. In addition, this method will clarify the 
role of the dominant members identified through the metagenomic analysis in the non-
degraded sample (BA-2), which were suggested not to be involved with the anaerobic in 
situ oil degradation (based on the analysis of the oil composition and anaerobic culture 
enrichments). 
In summary, the work presented in this thesis has contributed with new knowledge 
to the petroleum microbiology field. Notably, the work conducted here has: 1) showed 
evidences of the differences in taxonomic composition in degraded and non-degraded 
petroleum samples; 2) explored the functional and taxonomic metagenomic profiles from 
formation water and oil phases from petroleum reservoir samples indicating an agreement 
between the abundant microbial members detected and the related anaerobic 
hydrocarbon degradation in the BA-1 sample; 3) established a methanogenic enrichment 
culture from the indigenous microbiota present in the oil that was able to degrade crude 
oil components; and 4) identified the dominant members in the oil reservoir samples 
which will be further studied to reveal their functional roles in petroleum reservoirs. 
 
Future directions 
The crude oil methanogenic biodegradation using the reservoir indigenous 
microbiota as inoculum is a pioneer study, starting to be explored. Thus, there is still a wide 
research potential to improve our understanding of how microorganisms living in the oil 
are able to metabolize the different hydrocarbon components under the reservoirs 
conditions, in addition to what are the environmental constraints governing crude oil 
biodegradation in petroleum reservoir environments. From the work conducted in this 
thesis, the following future research directions are proposed: 
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While much information was gained about the genetic potential of the microbial 
communities present in crude oil samples from the metagenomic sequence datasets, 
further metagenomic and metatranscriptomic investigation on the crude oil-degrading 
methanogenic enrichments will provide knowledge about the actual active members and 
mechanisms leading to biodegradation in the cultures. For example, although fumarate 
addition genes have been detected in the metagenomic data, there was high abundance 
of genes for anaerobic carboxylation and absence of the genes for anaerobic 
hydroxylation, suggesting that additional enzymatic reactions might have remained 
undetected due to their novelty and methodological constraints. Coupled to 
metagenomic data, the chemical characterization of the oil and of the metabolites 
produced in the methanogenic cultures will provide more insights into the processes 
governing the conversion of oil to methane. In addition, further experiments based on 
qPCR, stable isotope probing and transcriptomic and/or proteomic analysis of the active 
culture enrichments might contribute to the understanding of the syntrophic process for 
crude oil degradation.  
Transfers of the active methanogenic cultures and isolation or co-culture of the 
members of these communities with the use of specific hydrocarbon substrates would 
simplify the syntrophic processes to understand the methanogenic oil degradation 
capabilities of microorganisms in the enrichments. Although the complex nature of the 
syntrophic interactions will make difficult the isolation of organisms from methanogenic 
cultures, new information gained from the metagenomic analysis (e.g. binnning) may help 
to develop target strategies for isolation of individual or co-culture community members. 
Assembly of draft genomes using binned metagenomic data obtained from crude 
oil samples and the microcosms will provide clues to the putative functional roles of the 
members of the cultures and the abundant members in the BA-2 oil reservoir, which do 
not seem to be involved with hydrocarbon degradation. On-going analysis of the draft 
genomes subtracted from the metagenomic data and belonging to taxa for which none or 
few isolates or genomes exist (e.g. Atribacteria and Microgenomates) would be of 
particular interest as it could provide clues to their functions in such environments.  
Although the preliminary salinity and temperature constraints for the 
methanogenic activity in oil reservoir systems were established, microcosms are still being 
monitored and results gathered so far have indicated that longer periods are required for 
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methanogenic activity at higher salinity and temperature values. In addition, it has been 
proposed that the implementation of novel salinity and temperature ranges less spaced 
apart will delimit the interaction between these parameters and the strict limits for 
methanogenic activities by the microbes in such systems, with important implications for 
petroleum reservoir environments. 
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ANNEX 1. Protocol for preparation of concentrated stock solutions for 
anaerobic cultures 
(Experimental procedures, Section 7.1) 
By Widdel, 2010 
 
Table A1. Non-chelated trace element mixture 
Reagent Amount 
Distilled H2O 987 ml 
HCl (25% = 7.7 M) 13 ml 
H3BO3 10 mg 
MnCl2·4H2O 5 mg 
FeSO4·7H2O 2,100 mg 
CoCl2·6H2O 190 mg 
NiCl2·6H2O 24 mg 
CuCl2·2H2O 2 mg 
ZnSO4·7H2O 144 mg 
 
Table A2. Selenite-tungstate solution 
Reagent Amount  
NaOH 400 mg 
Na2SeO3.5H2O 0.02 mg 
Na2WO4.2H2O 0.02 mg 
MilliQ H2O 1000 ml 
 
Table A3. Vitamin mixture 
Reagent Amount 
NaH2PO4 +Na2HPO4 (10 mM total P; pH 7.1) 100 ml 
4-Aminobenzoic acid 4 mg 
D(+)-Biotin 1 mg 
Nicotinic acid 10 mg 
D(+)-Pantothenic acid, Ca-salt 5 mg 
Pyridoxine dihydrochloride 15 mg 
 
-Thiamine solution: 10 mg of thiamin chloride-hydrochlorid in 100 ml of phosphate buffer 
(H3PO4 + NaH2PO4; pH 3.4) 
-Vitamin B12 solution: 5 mg of Cyanocobalamin in 100 ml of MilliQ water. 
All vitamin solutions were sterilized by filtration (0.22 μm) in sterile brown‐glass bottles 
and stored at 4° in dark. 
-Oxygen scavenger (Sodium Sulfide Solution Na2S) solution (0.2 M): 
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Take a few not too small crystals (ideally a single big crystal) of Ca. 10 g Na2S·9H2O from 
the storage jar, determine the exact weight and add to a calibrated cylinder (capacity 250 
ml). Use only colorless, clear crystals of sodium sulfide. In contact with air, stocks of sodium 
sulfide in commercial jars are easily oxidized to sodium thiosulfate and other salts. Large 
crystals with opaque or milky surface layers (oxidation products) can be briefly washed by 
rinsing with distilled water on a plastic sieve. Determine the weight after rinsing and drip-
off of water. Add H2O so as to adjust the solution to 48 g Na2S·9H2O per liter (0.2 M). 
Dissolve the sodium sulfide by stirring under an N2 atmosphere (close cylinder with 
stopper). Aliquot and autoclave the solution in closed tubes or bottles with fixed stoppers 
(butyl rubber or Viton) under a head space of N2 (>¼ of total volume). 
-NaHCO3 solution: 
Dissolve 84 g NaHCO3 in distilled water to a final volume of 1,000 ml. Appropriate portions 
may be prepared that can be used as a hole for medium batches (e.g., for 30 ml for 1 l, 
60ml for 2 l; see below). Saturate the solution with CO2 by shaking in a stoppered bottle 
under a head space of CO2. Autoclave in closed tubes or bottles with fixed stoppers (butyl 
rubber or Viton) under a head space of CO2 (!¼ of total volume). 
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ANNEX 2. KEEG Identifiers associated with hydrocarbon degradation and 
syntrophism. Chapter 2, Section 2.3 
 
 
Figure A1. Abundance of anaerobic hydrocarbon degradation related genes identified in the 
metagenomic datasets. Numbers correspond to the number of genes matching their respective KO 
(KEGG Orthology) annotation in IMG.   
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Figure A2. Abundance of aerobic hydrocarbon degradation related genes identified in the 
metagenomic datasets. Numbers correspond to the number of genes matching their respective KO 
(KEGG Orthology) annotation in IMG.   
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Table A1. Abundance of KO identifiers in each syntrophic-related category found in the 
metagenomes 	
Functi
on ID 
Name BA-1 BA-2 BA-2-
WATER 
 Total # of coding genes 253741 144073 271234 
FeS Oxidoreductase    
K0352
1 
electron transfer flavoprotein beta subunit (fixA, 
etfB) 
35 27 60 
K0352
2 
electron transfer flavoprotein alpha subunit (fixB, 
etfA) 
115 28 73 
 Normalized 0,0002
95577 
0,0001
90875 
0,00024
5176 
Fnr     
K0184
5 
glutamate-1-semialdehyde 2,1-aminomutase 
[EC:5.4.3.8] (hemL) 
81 31 43 
K0200
3 
putative ABC transport system ATP-binding 
protein (ABC.CD.A) 
230 70 135 
K0200
4 
putative ABC transport system permease protein 
(ABC.CD.P) 
362 116 251 
K0361
2 
electron transport complex protein RnfG (rnfG) 20 11 36 
K0361
3 
electron transport complex protein RnfE (rnfE) 23 15 40 
K0361
4 
electron transport complex protein RnfD (rnfD) 22 21 44 
K0361
5 
electron transport complex protein RnfC (rnfC) 28 22 52 
K0361
6 
electron transport complex protein RnfB (rnfB) 7 9 20 
K0361
7 
electron transport complex protein RnfA (rnfA) 23 14 38 
 Normalized 0,0003
48562 
0,0002
38305 
0,00026
996 
Fix     
K0031
3 
electron transfer flavoprotein-quinone 
oxidoreductase [EC:1.5.5.-] (fixC) 
16 6 4 
K0352
1 
electron transfer flavoprotein beta subunit (fixA, 
etfB) 
70 27 60 
K0352
2 
electron transfer flavoprotein alpha subunit (fixB, 
etfA) 
115 28 73 
K0385
5 
ferredoxin like protein (fixX) 8 2 3 
 Normalized 0,0002
05919 
0,0001
0932 
0,00012
904 
Confurcating hydrogenases    
K0012
3 
formate dehydrogenase major subunit [EC:1.2.1.2] 
(fdoG, fdfH) 
265 56 92 
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K0033
4 
NADH-quinone oxidoreductase subunit E 
[EC:1.6.5.3] (nuoE) 
83 24 44 
K0033
5 
NADH-quinone oxidoreductase subunit F 
[EC:1.6.5.3] (nuoF) 
197 54 97 
K0033
6 
NADH-quinone oxidoreductase subunit G 
[EC:1.6.5.3] (nuoG) 
59 20 65 
K1799
2 
NADP-reducing hydrogenase subunit HndB 
[EC:1.12.1.3] (hndB) 
19 7 27 
K1833
0 
NADP-reducing hydrogenase subunit HndA 
[EC:1.12.1.3] (hndA) 
5 8 18 
K1833
1 
NADP-reducing hydrogenase subunit HndC 
[EC:1.12.1.3] (hndC) 
35 11 32 
K1833
2 
NADP-reducing hydrogenase subunit HndD 
[EC:1.12.1.3] (hndD) 
15 7 29 
 Normalized 0,0003
34002 
0,0001
62244 
0,00018
6186 
Other hydrogenases    
K0019
6 
carbon-monoxide dehydrogenase iron sulfur 
subunit (cooF) 
35 9 14 
K0033
4 
NADH-quinone oxidoreductase subunit E 
[EC:1.6.5.3] (nuoE) 
83 24 44 
K0033
5 
NADH-quinone oxidoreductase subunit F 
[EC:1.6.5.3] (nuoF) 
197 54 97 
K0033
6 
NADH-quinone oxidoreductase subunit G 
[EC:1.6.5.3] (nuoG) 
59 20 65 
K0033
7 
NADH-quinone oxidoreductase subunit H 
[EC:1.6.5.3] (nuoH) 
46 24 30 
K0043
6 
NAD-reducing hydrogenase large subunit 
[EC:1.12.1.2] (hoxH) 
31 16 12 
K0044
1 
coenzyme F420 hydrogenase subunit beta 
[EC:1.12.98.1] (frhB) 
62 14 29 
K0044
2 
coenzyme F420 hydrogenase subunit delta (frhD) 10 2 7 
K0175
1 
diaminopropionate ammonia-lyase [EC:4.3.1.15] 
(E4.3.1.15) 
2 5 15 
K0338
8 
heterodisulfide reductase subunit A [EC:1.8.98.1] 
(hdrA) 
191 39 60 
K0465
1 
hydrogenase nickel incorporation protein 
HypA/HybF (hypA, hybF) 
45 19 20 
K0558
6 
bidirectional [NiFe] hydrogenase diaphorase 
subunit [EC:1.6.5.3] (hoxE) 
3 0 0 
K0558
7 
bidirectional [NiFe] hydrogenase diaphorase 
subunit [EC:1.6.5.3] (hoxF) 
2 0 0 
K0558
8 
bidirectional [NiFe] hydrogenase diaphorase 
subunit [EC:1.6.5.3] (hoxU) 
1 0 0 
K1408
6 
ech hydrogenase subunit A (echA) 6 0 4 
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K1408
7 
ech hydrogenase subunit B (echB) 4 0 1 
K1408
8 
ech hydrogenase subunit C (echC) 3 0 1 
K1408
9 
ech hydrogenase subunit D (echD) 2 0 0 
K1409
0 
ech hydrogenase subunit E (echE) 4 1 1 
K1409
1 
ech hydrogenase subunit F (echF) 1 0 0 
K1412
6 
F420-non-reducing hydrogenase large subunit 
[EC:1.12.99.-] (mvhA, vhuA, vhcA) 
41 15 17 
K1412
7 
F420-non-reducing hydrogenase iron-sulfur 
subunit [EC:1.12.99.-] (mvhD, vhuD, vhcD) 
34 6 8 
K1412
8 
F420-non-reducing hydrogenase small subunit 
[EC:1.12.99.-] (mvhG, vhuG, vhcG) 
38 13 9 
K1799
6 
sulfhydrogenase subunit beta (sulfur reductase) 
[EC:1.12.98.4] (hydB) 
14 3 1 
K1800
7 
NAD-reducing hydrogenase small subunit 
[EC:1.12.1.2] (hoxY) 
14 8 7 
 Normalized 0,0001
46291 
7,5517
3E-05 
6,51836
E-05 
Membrane hydrogenases    
K0012
4 
formate dehydrogenase iron-sulfur subunit (fdoH) 31 4 8 
K0012
7 
formate dehydrogenase subunit gamma (fdoI) 10 15 5 
K0043
7 
[NiFe] hydrogenase large subunit [EC:1.12.2.1] 
(hydB2) 
1 1 4 
K0053
2 
ferredoxin hydrogenase [EC:1.12.7.2] (E1.12.7.2) 4 1 0 
K0053
3 
ferredoxin hydrogenase large subunit [EC:1.12.7.2] 
(E1.12.7.2L) 
0 5 9 
K0053
4 
 0 0 0 
K0362
0 
Ni/Fe-hydrogenase 1 B-type cytochrome subunit 
(hyaC) 
6 4 7 
K0556
6 
multicomponent Na+:H+ antiporter subunit B 
(mnhB, mrpB) 
46 34 63 
K0556
7 
multicomponent Na+:H+ antiporter subunit C 
(mnhC, mrpC) 
22 28 53 
K0556
8 
multicomponent Na+:H+ antiporter subunit D 
(mnhD, mrpD) 
108 74 143 
K0556
9 
multicomponent Na+:H+ antiporter subunit E 
(mnhE, mrpE) 
28 28 53 
K0557
0 
multicomponent Na+:H+ antiporter subunit F 
(mnhF, mrpF) 
27 23 46 
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K0557
1 
multicomponent Na+:H+ antiporter subunit G 
(mnhG, mrpG) 
30 26 42 
K0628
1 
hydrogenase large subunit [EC:1.12.99.6] (hyaB, 
hybC) 
35 9 19 
K0628
2 
hydrogenase small subunit [EC:1.12.99.6] (hyaA, 
hybO) 
18 8 16 
K0644
1 
 0 0 0 
K1412
6 
F420-non-reducing hydrogenase large subunit 
[EC:1.12.99.-] (mvhA, vhuA, vhcA) 
41 15 17 
K1412
7 
F420-non-reducing hydrogenase iron-sulfur 
subunit [EC:1.12.99.-] (mvhD, vhuD, vhcD) 
34 6 8 
K1412
8 
F420-non-reducing hydrogenase small subunit 
[EC:1.12.99.-] (mvhG, vhuG, vhcG) 
38 13 9 
K1799
2 
NADP-reducing hydrogenase subunit HndB 
[EC:1.12.1.3] (hndB) 
19 7 27 
K1800
8 
[NiFe] hydrogenase small subunit [EC:1.12.2.1] 
(hydA2) 
5 1 3 
K1801
6 
membrane-bound hydrogenase subunit alpha 
[EC:1.12.7.2] (mbhL) 
12 10 7 
K1801
7 
membrane-bound hydrogenase subunit beta 
[EC:1.12.7.2] (mbhK) 
9 6 6 
K1802
3 
membrane-bound hydrogenase subunit mbhJ 
[EC:1.12.7.2] (mbhJ) 
12 10 6 
K1833
0 
NADP-reducing hydrogenase subunit HndA 
[EC:1.12.1.3] (hndA) 
5 8 18 
K1833
1 
NADP-reducing hydrogenase subunit HndC 
[EC:1.12.1.3] (hndC) 
35 11 32 
 Normalized 8,7308
9E-05 
9,2634
7E-05 
8,5223E
-05 
NADH linked formate dehydrogenases    
K0012
3 
formate dehydrogenase major subunit [EC:1.2.1.2] 
(fdoG, fdfH) 
265 56 92 
K0033
4 
NADH-quinone oxidoreductase subunit E 
[EC:1.6.5.3] (nuoE) 
83 24 44 
K0033
5 
NADH-quinone oxidoreductase subunit F 
[EC:1.6.5.3] (nuoF) 
197 54 97 
K0191
2 
phenylacetate-CoA ligase [EC:6.2.1.30] (paaK) 161 56 87 
K0237
9 
FdhD protein (fdhD) 61 14 24 
K0253
3 
tRNA/rRNA methyltransferase [EC:2.1.1.-] (lasT) 15 3 15 
K0375
0 
molybdopterin molybdotransferase [EC:2.10.1.1] 
(moeA) 
100 45 58 
K0529
9 
formate dehydrogenase alpha subunit [EC:1.2.1.43] 
(fdhA1) 
35 6 23 
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K0618
0 
23S rRNA pseudouridine1911/1915/1917 synthase 
[EC:5.4.99.23] (rluD) 
87 37 87 
K0817
7 
MFS transporter, OFA family, oxalate/formate 
antiporter (oxlT) 
22 4 14 
K0979
3 
uncharacterized protein (K09793) 22 10 22 
K1799
2 
NADP-reducing hydrogenase subunit HndB 
[EC:1.12.1.3] (hndB) 
19 7 27 
K1833
0 
NADP-reducing hydrogenase subunit HndA 
[EC:1.12.1.3] (hndA) 
5 8 18 
K1833
1 
NADP-reducing hydrogenase subunit HndC 
[EC:1.12.1.3] (hndC) 
35 11 32 
 Normalized 0,0003
11623 
0,0001
66086 
0,00016
8542 
Other 
FDH 
    
K0012
3 
formate dehydrogenase major subunit [EC:1.2.1.2] 
(fdoG, fdfH) 
265 56 92 
K0012
4 
formate dehydrogenase iron-sulfur subunit (fdoH) 31 4 8 
 Normalized 0,0005
83272 
0,0002
08228 
0,00018
4343 
Membrane formate dehydrogenases    
K0012
3 
formate dehydrogenase major subunit [EC:1.2.1.2] 
(fdoG, fdfH) 
265 56 92 
K0012
4 
formate dehydrogenase iron-sulfur subunit (fdoH) 31 4 8 
K0012
7 
formate dehydrogenase subunit gamma (fdoI) 10 15 5 
K0237
9 
FdhD protein (fdhD) 61 14 24 
K0238
0 
FdhE protein (fdhE) 10 4 1 
K0311
6 
sec-independent protein translocase protein TatA 
(tatA) 
35 12 22 
 Normalized 0,0002
70617 
0,0001
21466 
9,34003
E-05 
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ANNEX 3. BssA homologous. Chapter 2, Section 2.4 
Table S2. BssA homologous genes found in the metagenome BA-1 with aminoacid sequence 
length > 700 aminoacids.   
Locus Tag Gene Product 
Name 
DNA 
Sequen
ce 
Length 
(bp) 
Amino Acid 
Sequence 
Length (aa) 
Scaffold Name KO ID  EC 
number 
Ga0082037_100
011028 
Pyruvate-
formate lyase 
2361 787 Ga0082037_10
00110 
K00656 EC: 
2.3.1.54 
Ga0082037_100
31105 
Pyruvate-
formate lyase 
2541 847 Ga0082037_10
03110 
K00656 EC: 
2.3.1.54 
Ga0082037_100
21446 
Pyruvate-
formate lyase 
2364 788 Ga0082037_10
02144 
K00656 EC: 
2.3.1.54 
Ga0082037_100
075714 
Pyruvate-
formate lyase 
2361 787 Ga0082037_10
00757 
K00656 EC: 
2.3.1.54 
Ga0082037_100
02236 
Pyruvate-
formate lyase 
2361 787 Ga0082037_10
00223 
K00656 EC: 
2.3.1.54 
Ga0082037_100
003270 
Pyruvate-
formate lyase 
2472 824 Ga0082037_10
00032 
K00656 EC: 
2.3.1.54 
Ga0082037_100
23663 
Pyruvate-
formate lyase 
2496 832 Ga0082037_10
02366 
K00656 EC: 
2.3.1.54 
Ga0082037_100
41712 
Pyruvate-
formate lyase 
2400 800 Ga0082037_10
04171 
K00656 EC: 
2.3.1.54 
Ga0082037_100
04983 
Pyruvate-
formate lyase 
2235 745 Ga0082037_10
00498 
K00656 EC: 
2.3.1.54 
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ANNEX 4.  
Aprovação do Comitê Interno de Biossegurança (CIBio) e declaração de que a 
tese não infringe os dispositivos da lei no 9610/98, nem o direito autoral de 
qualquer editora 
 





